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Abstract
In the first part of the paper we study solitonic properties of the Calabi-Yau vacua
of the string theory. We observe that the Calabi-Yau threefolds of the string theory may
be thought of as NS-NS objects whose masses are proportional to 1/g2s . In the second
part, which is the main part of this paper, we propose, based on the viewpoint that our
three-dimensional space is a stack of BPS D3-branes located at the conifold singular-
ity of the Calabi-Yau threefold, a new mechanism to address the cosmological constant
problem in the framework of the conventional compactifications where the n-form fluxes
including NS-NS three-form are all turned off. In this mechanism the four-dimensional
cosmological constant λ appears as two types, NS-NS type and R-R type, of vacuum
energies on the brane plus supersymmetry breaking term, which constitute a brane ac-
tion density Iˆbrane, and sum of these three terms of Iˆbrane are forced to vanish by field
equations so that λ adjusts itself to zero as a result. Also in this mechanism the d = 4
supersymmetry is broken in the brane region, while still maintaining λ = 0. The su-
persymmetry breaking occurs as a result of the gauge symmetry breaking of the R-R
four-form arising at the quantum level. The substance of the supersymmetry breaking
term is a vacuum energy density (of the brane region) arising from the quantum excita-
tions with components along the transverse directions to the D3-brane. We generalize
the above mechanism to the case of the flux compactifications where the fluxes are all
turned on to stabilize the moduli. In the generalized theory λ appears as Iˆbrane plus
the scalar potential Vscalar for the moduli, in contrast to the case of the ordinary flux
compactifications where λ is simply given by Vscalar. Also in this theory any nonzero
Vscalar arising from perturbative or nonperturbative corrections is gauged away by the
gauge arbitrariness of Iˆbrane and the condition λ = 0. So λ is again expressed only as a
brane action density as before, or it simply vanishes by the cancelation between Iˆbrane
and Vscalar.
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I. Introduction
Background vacua of the ten-dimensional superstring theory are described by a prod-
uct of the maximally symmetric four-dimensional spacetime and the internal dimensions
compactified on a Calabi-Yau threefold. Such a compactification is appropriate because
it admits SU(3) holonomy which yields unbroken N = 1 supersymmetry in four di-
mensions. The moduli spaces of Calabi-Yau manifolds usually contain certain limit
points, the conifolds, which are identified as transition points where the moduli spaces
of two distinct Calabi-Yau manifolds meet [1, 2]. Thus the conifolds commonly occur in
the moduli spaces of Calabi-Yau manifolds in such a way that each moduli space of the
Calabi-Yau manifold generally contains a single point corresponding to the conifold, and
the geometry of this conifold is relatively simple to the other Calabi-Yau spaces.1 This
is why string-inspired brane world models have considered configurations of D3-branes
located at conifold singularities [3, 4].
In brane world models a stack of D3-branes is identified with our three-dimensional
external space, which is assumed to be dynamical. Recently, however, there was a con-
jecture that fundamental background brane immanent in our spacetime may perhaps be
NS-NS type brane, rather than D-brane. In [5] it was argued that in (p+3)-dimensional
string theory the existence of NS-NS type p-brane is essential to obtain background
geometries R2 or R2/Zn on the transverse dimensions, and the usual codimension-2
brane solutions with these background geometries already contain NS-NS type brane
implicitly in their ansatz. Similar thing happens in the case of codimension-1 brane
solutions as well. In [6] the authors have studied codimension-1 brane solutions of the
five-dimensional models compactified on S1/Z2. They showed that in string theoretical
setup the existence of the background NS-branes are indispensable to obtain flat geome-
try M4×S1/Z2, and without these branes the five-dimensional metric becomes singular
everywhere.
In these lines of study it would be important to check the case of the ten-dimensional
full-fledged string theory2 as a final confirmation of the given conjecture. Indeed Calabi-
Yau vacua of the ten-dimensional string theory give an indication of the similar behavior
associated with NS5-branes. Remarkably, there were observations [4, 7] that two inter-
secting NS5-branes can be thought of as a T-dual configuration of the conifold singular-
ity. For instance in [4] the authors have considered two IIA configurations of D4-brane
suspended between two NS5-branes, i.e., one with two parallel NS5-branes and another
with two orthogonal NS5-branes. They have qualitatively shown that under T-duality
1Such an each moduli space of the Calabi-Yau manifold is usually taken as a single Calabi-Yau space.
2Aside from the F-theory this may correspond to the theory of codimension-n branes with n ≥ 3.
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the former corresponds to a IIB metric of D3-brane plus a Taub-NUT space in the trans-
verse directions, while the later corresponds to that of D3-brane at a conifold singularity.
In the absence of D3-brane the latter case implies that the conifold singularity is T-dual
to a configuration of two orthogonal NS5-branes.
A pair of T-dual configurations are just two different geometrical realizations (in
the Calabi-Yau target space) of the same conformal field theory, and in this sense they
are recognized to be physically equivalent even though they are topologically distinct in
general. Thus in the framework of the conformal field theory the conifold singularity
of the Calabi-Yau space becomes equivalent to the background configuration with two
intersecting NS5-branes, and since the moduli spaces of the Calabi-Yau manifolds always
contain conifold singularities we are inclined to say that the NS5-branes are involved
at any rate in the background vacua of the string theory and further the background
vacua of the string theory may include NS5-branes implicitly in their Calabi-Yau ansatz.
Indeed in Sec. III we observe that the generic compact Calabi-Yau threefolds of the
string theory contain n couples of intersecting Kaluza-Klein (KK) monopoles, the T-
dual counterparts of the NS5-branes, at the singularities and each of these intersecting
KK monopoles can be thought of as an NS-NS type soliton with mass proportional to
1/g2s .
The first part of this paper is mainly concerned with this issue though it is continued
to the cosmological constant problem in the second part. In the second part, which is
the main part of this paper, we propose a new mechanism to address the cosmological
constant problem, based on the viewpoint that our three-dimensional space is a stack of
BPS D3-branes located at the conifold singularity of the Calabi-Yau threefold. In Secs.
IV-VII, we first consider the case of the conventional compactifications where the n-form
fluxes including NS-NS three-form are all turned off. In this case we find that the four-
dimensional cosmological constant λ appears as two types, NS-NS type and R-R type, of
vacuum energies on the brane plus the supersymmetry breaking term, which constitute
a brane action density Iˆbrane, and sum of these three terms of Iˆbrane are forced to vanish
by field equations so that λ adjusts itself to zero as a result. Also in this mechanism the
d = 4 supersymmetry is broken in the brane region, while still maintaining λ = 0. The
supersymmetry breaking occurs as a result of the gauge symmetry breaking of the R-R
four-form arising at the quantum level. So the brane region is locally anomalous. But
the total anomaly of the brane region turns out to vanish by the condition λ = 0.
The primary cause of the supersymmetry breaking is these anomalies for the string
fields with support on the D3-brane, and the substance of the supersymmetry breaking
term in the action is a vacuum energy density (of the brane region) arising from the
quantum excitations with components along the transverse directions to the D3-brane.
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In Sec. IX it is argued that the supersymmetry breaking in the conventional compacti-
fications gives a mass to the dilaton which is estimated to be m2Φ ∼ gsm2s, where ms is
the fundamental mass scale of the string theory. Also since mΦ can be roughly identi-
fied with msp, the typical mass scale of the Standard Model superpartners, one obtains
m2sp ∼ gsm2s from the above equation.
It is also argued in Sec. 7.2 that the configuration with broken supersymmetry is
more favored than the other with an unbroken supersymmetry. These two configurations
are equally qualified for a solution to the field equations, but the former is more favored
by the action principle than the latter because the former takes lower values of the
total action than the latter. For this matter a different possible viewpoint is also briefly
presented at the end (the fourth last paragraph) of Sec. IX.
In Sec. VIII we finally generalize the above mechanism to the case of the flux
compactifications where the fluxes are all turned on to stabilize the moduli. In the
generalized theory λ appears as a sum of two terms, Iˆbrane and the scalar potential
Vscalar for the moduli, in contrast to the case of the ordinary flux compactifications
where λ is simply given by Vscalar. Among these two terms Iˆbrane depends on gauge
parameters and therefore it is arbitrary. Beside this, it is shown in Sec. 8.3 that λ is
always required to vanish by field equations. So from all this one finds that any nonzero
Vscalar arising from the perturbative or nonperturbative corrections is gauged away by
the gauge arbitrariness of Iˆbrane and the condition λ = 0. As a result λ is again expressed
only as a brane action density, or it simply vanishes by the cancelation between Vscalar
and Iˆbrane.
II. Conifold as an NS-NS soliton
Consider a configuration of background fields GMN , Φ and BMN of the NS-NS sector.
The target space action for these background fields is given by
I10 =
1
2κ210
∫
d10x
√−G e−2Φ
[
R10 + 4(∇Φ)2 − 1
2 · 3! H
2
3
]
, (2.1)
where H3 (≡ dB2) is the field strength of the NS-NS two-form BMN . In the absence of
NS5-branes BMN and consequently H3 all vanish. In this configuration I10 admits Ricci-
flat solutions and one of which takes the form ds210 = ds
2
0123 + ds
2
conifold where ds
2
conifold
represents the conifold metric
ds2conifold = dr
2 + r2dΣ21,1 , (2.2)
3
where
dΣ21,1 =
1
9
(dψ +
2∑
i=1
cos θidφi)
2 +
2∑
i=1
1
6
(dθ2i + sin
2 θidφ
2
i ) (2.3)
is an Einstein metric representing the base of the cone.
Under T-duality along the isometry direction ψ, (2.2) turns into
ds2T−dual = dr
2 +
9
r2
dψ2 + r2
2∑
i=1
1
6
(dθ2i + sin
2 θidφ
2
i ) (2.4)
plus two-form field contribution Bψφi which is given by cos θi. The T-dual metric (2.4)
cannot be Ricci-flat because the right-hand side of the Einstein equation contains a
matter field contribution arising from Bψφi . (2.4) is not only non-Ricci-flat, but it is
very singular. The scalar curvature calculated from (2.4) is given by R = 16/r2, which
goes to infinity as r goes to zero. Thus the T-duality transformation shows that the
conifold metric is equivalent to a sum of non-Ricci-flat singular metric and NS5-branes
described by Bψφi , which is reminiscent of the codimension-1 [6] and codimension-2 [5]
brane world models where each of the flat geometries of the transverse spaces can be
formally expressed as a sum of singular metric and NS-NS type brane.
Though (2.4) is T-dual to (2.2) it breaks the supersymmetry completely. In general
the localized metric of the form (2.2) does not preserve the supersymmetry under T-
duality transformation [8]. In many cases, and in particular if we want supersymmetric
solution, it is more convenient to consider the T-dual configurations of smeared NS5-
branes. Let us consider a configuration of intersecting n NS5-NS5′-branes extended
along NS5=(012345) and NS5′ = (012389) respectively and smeared except for one
overall transverse direction, x7. This configuration preserves 1/4 supersymmetries [9]
and the metric takes the form:
ds2NS−NS′ = ds
2
0123 +H
2
NSds
2
67 +HNS(ds
2
45 + ds
2
89) , (2.5)
where HNS is the harmonic function for the n-coincident NS5-branes, HNS = 1 + n|x7|,
and the NS-NS three-form field strengths are given by H645 = H689 = n. Under T-duality
along x6 it turns into delocalized metric of the conifold. Omitting ds20123 it reads
ds2conifold = H
2
NSds
2
7 +H
−2
NS(ds6 +B64ds4 +B68ds8)
2 +HNS(ds
2
45 + ds
2
89) , (2.6)
where B46 = nx
5 and B86 = nx
9.
The metric (2.6) suggests that the conifold geometry is due to an NS-NS type ex-
tended object because it contains the harmonic function for the NS5-branes which orig-
inally appears in the metric for the NS5-brane. To see this more precisely consider a
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simpler configuration of a single NS5-brane extended along (012345)-directions:
ds2NS = ds
2
012345 +HNSds
2
6789 (2.7)
and nonzero antisymmetric background B6i (i = 7, 8, 9), where HNS = 1 + 1/r
2. Now
we compactify x6 to take T-duality. Under T-duality along x6, (2.7) turns into [10]
ds2KK = ds
2
012345 + ds
2
Taub−NUT , (2.8)
where ds2Taub−NUT is the four-dimensional Taub-NUT metric
ds2Taub−NUT = H
−1
NS(ds6 + ωidsi)
2 +HNSds
2
789 , (2.9)
where ωi = B6i with ~∇× ~ω = ±~∇HNS, but HNS is now given by HNS = 1+ 1/r because
the number of noncompact transverse directions has been reduced to three in (2.9).
(2.8) describes the Kaluza-Klein monopole which can be identified as a five-dimensional
object extended along (012345). Also since it contains HNS, we suspect that the KK
monopole is also an NS-NS type five-brane just like the NS5-brane.
To convince ourselves that the KKmonopole is really an NS-NS object let us calculate
the mass of the KK monopole described by (2.8). For the metric (2.8), the first term in
(2.1) can be converted into an action for the five-dimensional KK monopole:
I5KK =
1
16πGK
∫
d5x
√−g5 e−2ΦˆR5 , (2.10)
where 16πGK = 2κ
2
10 g
2
s/Vol(NS5) with Vol(NS5) being volume of the five-brane ex-
tended along (12345), and Φˆ is defined by eΦˆ = eΦ/gs so that e
Φˆ → 1 as r →∞. (2.10)
is identical with the action in [11] except that
√−g5 is replaced by √−g5 e−2Φˆ. The
mass of the monopole per unit volume of the five-brane is therefore
m =
1
(2π)5
m8sR
2
g2s
, (2.11)
where ms is the string mass scale defined by 2κ
2
10 = (2π)
7/m8s, and R is the radius of
the compact dimension ds6. (2.11) shows that the mass density m of the monopole is
proportional to 1/g2s as expected, which suggests that the KK monopole is an NS-NS
type soliton just like the NS5-brane.
Turning back to (2.8), introduce a D3-brane with world-volume along (0123) on the
geometrical singularity of the Taub-NUT space. The metric for this configuration will
be (see [4]):
ds2KK−D = H
−1/2
D ds
2
0123 +H
1/2
D [ds
2
45 +H
−1
NS(ds6 + ωidsi)
2 +HNSds
2
789] , (2.12)
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where HD is the harmonic function for the D3-brane. The harmonic function for the
Dp-brane, HD = 1+gs/r
7−p, contains an additional parameter gs as compared with that
for the NS5-brane.3 Hence in the limit gs → 0, the effect of D-brane on the background
geometry disappears and the geometry of the transverse dimensions is entirely deter-
mined by the configuration of NS5-branes. Indeed (2.12) reduces to (2.8) in the limit
gs → 0 which again shows that the (extended source of the) KK monopole is a pure NS-
NS type 5-brane whose mass density is proportional to g−2s just like the NS5-brane. The
above example shows that changes of internal geometries caused by D-branes necessarily
contain the factor gs in the metric through the harmonic function HD, and conversely if
the geometry does not contain gs in the metric we may suspect that it could be caused
by NS-NS type objects.
The same story goes on for the conifold case too. The configuration of a D3-brane
at the conifold singularity is given by
ds2conifold−D = H
−1/2
D ds
2
0123+H
1/2
D [H
2
NSds
2
7+H
−2
NS(ds6+B64ds4+B68ds8)
2+HNS(ds
2
45+ds
2
89)] .
(2.13)
In the limit gs → 0 (2.13) reduces to (2.6). So we suspect that the conifold geometry
described by (2.6) may be thought of as being caused by NS-NS objects because it does
not contain gs in the metric. The metric (2.6) can be converted back into the localized
metric by replacing the Cartan basis 1-forms of R2 × R2 by those of S2 × S2 (see [9]):
dx4,8 → sin θ1,2dφ1,2 , dx5,9 → dθ1,2 . (2.14)
As a result (2.6) becomes (2.2) which is also independent of gs, suggesting that the
conifold geometry (2.2) is also caused by NS-NS objects.
III. Calabi-Yau threefolds as NS-NS objects
Since the conifold is T-dual to intersecting NS5-branes and KK monopole is T-dual
counterpart of NS5-brane, one naturally expects that the conifold may be identified with
a configuration of intersecting KK monopoles. This is indeed the case. The authors of
[4] observed that the conifold can be thought of as an ALE fibration over a P1, where
the fibers are given by a family of ALE spaces parameterized by the coordinate of P1.
In complex coordinates the conifold is described by a quadric in C4:
(z1)
2 + (z2)
2 + (z3)
2 + (z4)
2 = 0 . (3.1)
3More generally the harmonic function for the n coincident Dp-branes takes the form HD = 1 +
ngs/r
7−p+ the terms linear in gs, where we have set α
′ = 1
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This equation can be rewritten as
2∏
i=1
(z1 − ζi)2 + z22 + z23 = 0 (3.2)
with ζi given by ζ1 = ζ and ζ2 = −ζ , where ζ = iz4. (3.2) describes an A1 ALE space
R4/Z2 (blown up by P1) which is just the Eguchi-Hanson (EH) space represented by the
metric [12]
ds2EH = (1−
a4
r4
)−1dr2 +
r2
4
(1− a
4
r4
)(dψ + cos θdφ)2 +
r2
4
(dθ2 + sin2 θdφ2) , (3.3)
where the size a2 of the EH space depends linearly on ζ(= iz4).
In a new coordinate system (3.3) can be transformed into a two center Gibbons-
Hawking metric [13], which however is identical with two-center Taub-NUT space near
the singularity of the ALE space. Also the distance between two centers in the Taub-
NUT space varies linearly as a function of z4 since it is linearly proportional to a
2 (see
[13]), and therefore it varies linearly as a function of z4 and the locus of these two centers,
which is a set of two sections on the fibered space R4/Z2 × P1, may be identified as two
intersecting KK monopoles. In this way one finds that near the singularity the conifold
can be identified with two intersecting KK monopoles which intersect at the conifold
singularity given by z1 = z2 = z3 = z4 = 0. This confirms the conjecture that the
conifold geometry is caused by an NS-NS type extended source.
Now let us turn to the Calabi-Yau threefolds. As mentioned already the moduli
spaces of Calabi-Yau manifolds usually contain conifolds as transition points where
moduli spaces of two distinct Calabi-Yau manifolds meet. Indeed the conifold itself
is a singular noncompact Calabi-Yau threefold, and we might say that a set of N such
conifolds join with some other regions to constitute a regular compact Calabi-Yau man-
ifold in the sense that the generic Calabi-Yau threefolds usually contain singularities
which locally look like the conifold. In order to see this a little more in detail let us
briefly review some of the first section of [1].
The simplest example of the nonsingular CICY threefold is
[
4 4 1
1 1 1
]2
−168
. This is a
projective variety defined by the homogeneous equations
X(x)y1 + U(x)y2 = 0 , V (x)y1 + Y (x)y2 = 0 , (3.4)
where X , U and V , Y are any general quartic and linear polynomials in the homogeneous
coordinates of P4 respectively.
[
4 4 1
1 1 1
]2
−168
is nonsingular because it is a small resolution
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of
[
4 5
]1
−200
which is defined by a quintic hypersurface in P4. Indeed for nonvanishing
homogeneous coordinates, y’s, of P1, (3.4) implies
XY − UV = 0 , (3.5)
which defines the simplest Calabi-Yau threefold
[
4 5
]1
−200
.
[
4 5
]1
−200
is singular and
has a number of isolated nodes at the points where X(x), Y (x), U(x), V (x) all vanish
simultaneously. For generic X , Y , U , V the number of nodes is 16 because X and U are
quartic polynomials.
The above X , Y , U , V can be taken as coordinates in C4 describing the conifold
with singularity being located at X = Y = U = V = 0. Thus at each of 16 nodes the
conifold singularity develops, and the neighborhoods of these 16 points can be identified
as conifolds which smoothly join to the main body to constitute the compact Calabi-Yau[
4 5
]1
−200
. Indeed the generic compact Calabi-Yau threefolds usually contain certain
numbers of conifolds at the singularities in such a way that the entire topology is char-
acterized by the Hodge number h1,1 and some negative values of χ. Also since each
conifold is made of two intersecting KK monopoles we finally observe that the Calabi-
Yau threefolds are also NS-NS objects in the sense that they contain numbers of NS-NS
solitons with mass proportional to 1/g2s .
IV. The four-dimensional cosmological constant
The fact that the conifolds of the Calabi-Yau threefolds of the string theory can be
thought of as NS-NS solitons with mass proportional to 1/g2s is important in addressing
the cosmological constant problem. The cosmological constant problem is one of the
most mysterious problems in the area of the theoretical high energy physics. Though
it is very complicated problem [14], its main point may be simply summarized as why
the cosmological constant λ of the four-dimensional spacetime is so small despite the
enormous contributions to the vacuum energy arising from the quantum fluctuations of
SM fields.
One of the most promising candidates for the solution to this problem may be found
from the brane world models where the intrinsic curvature of the brane is a priori zero.
But in these models the whole vacuum energy including quantum fluctuations of SM-
fields always contributes to changing the internal geometry because the geometry of the
four-dimensional spacetime is already fixed to have a zero cosmological constant from
the beginning [15, 16]. Thus the geometry of the internal space is now expected to be
severely disturbed by the quantum fluctuations, which then leads to a severe disturbance
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of the observed coupling constants. This problem may be naturally solved by accepting
the viewpoint that the conifolds of the internal Calabi-Yau space are NS-NS solitons
made of two intersecting KK monopoles which themselves are NS-NS solitons. As is the
case with the usual solitons the NS-NS solitons are very heavy and rigid because their
masses are proportional to 1/g2s , and as a result the effect of the vacuum fluctuations
exerting on the internal geometry is highly suppressed by the factor of g2s in the equations
of motion [17].
Though the solitonic interpretation of the Calabi-Yau space has an important con-
sequence, it alone is not enough to explain the smallness of the cosmological constant
completely. Because the four-dimensional Planck mass, Mpl, is inversely proportional
to gs (see (4.27)), the g
2
s -suppression caused by the heaviness of the NS-NS type soliton
only suggests a value ∼ (µ4/M2pl) for λ, where µ is a mass scale at which the symmetry
of the theory is broken. So if we take the supersymmetry on the brane as a broken
symmetry of the theory, µ will be about4 ∼ TeV and therefore (µ4/M2pl) takes the value
∼ (TeV )4/(1019GeV )2, which is certainly too large to be a correct value for the present
λ. In order to obtain much smaller value for λ we may need an entirely new additional
mechanism. In the following sections we propose a new mechanism with which to solve
the cosmological constant problem. As the beginning of the discussion we first consider
the conventional compactifications where the n-form fluxes stabilizing the moduli are all
turned off.
Consider a configuration of D3-brane extended along (0123) at the conifold singular-
ity,5 and assume that the D3-brane is basically a BPS state. The total action for this
configuration is given by the sum Itotal = Ibulk + Ibrane with
Ibulk =
1
2κ210
∫
d10x
√−G
[
e−2Φ[R10 + 4(∇Φ)2]− 1
2 · 5! F
2
5
]
, (4.1)
and
Ibrane = −
∫
d4x
√
− det |Gµν | T (Φ) + µ0
∫
A4 , (4.2)
where F5 is a self-dual five-form, the field strength of the R-R four-form A4, and Gµν
is a pullback of GMN to the four-dimensional brane world. Also T (Φ) represents the
tension of the D3-brane, so at the tree level it is simply T (Φ) = T0 e
−Φ. But if we include
quantum corrections it becomes T (Φ) = T0 e
−Φ + ρvac(Φ), where ρvac(Φ) represents the
quantum correction terms and it is identified with the (NS-NS sector) vacuum energy
4But see also the Sec. IX where µ (> msp) is estimated to be µ
2 > gsm
2
s, according to which µ could
be much larger than the conventional scale of order ∼ TeV .
5In the following discussion, for simplicity, we will consider a configuration with a single D3-brane,
instead of a stack of n-coincident D3-branes, located at the conifold singularity. But there is no essential
difference between these two cases and the extension is trivial.
9
density of the three-dimensional space. Similarly, µ0 represents the R-R charge of the
D3-brane, which is electric under A4. If we include quantum corrections µ0 turns into
µ(Φ) which is µ(Φ) = µ0 + δµ(Φ) where δµ(Φ) is an R-R counterpart of ρvac(Φ) and
therefore represents the quantum correction terms. See case III of Sec. V for the details.
Now we introduce a general ansatz for the ten-dimensional metric as
ds210 = e
A(rˆ)ds26 + e
B(rˆ)gµν(x)dx
µdxν , (4.3)
where
ds26 = drˆ
2 +R2(rˆ) dΣ21,1 ≡ hmn(y)dymdyn (4.4)
is the metric of the internal dimensions, while gµν(x)dx
µdxν is the metric of the four-
dimensional spacetime. In the above metric eA(rˆ) is an extra degree of freedom which
could have been absorbed into ds26, so it can be taken arbitrarily as we wish. The ansatz
for the R-R four-form, on the other hand, is given by
A4 = ξ(rˆ)
√−g4 dt ∧ dx1 ∧ dx2 ∧ dx3 (4.5)
where g4 is the determinant of the four-dimensional metric gµν(x). (4.5) is an appropriate
ansatz for A4 because it is consistent with the homogeneous and isotropic geometry of
the four-dimensional spacetime.
As mentioned above, F5 is a (anti-) self-dual five-form, and we may write it as
F5 = F5 ± i ∗F5 , (4.6)
where F5 is the field strength of A4:
F5 = dA4 =
√−g4 (∂rˆξ) dr ∧ dt ∧ dx1 ∧ dx2 ∧ dx3 , (4.7)
and ∗F5 is its dual:
∗F5 = −e2A−2B
√
h6 (∂rˆξ) dψ ∧ dθ1 ∧ dφ1 ∧ dθ2 ∧ dφ2 , (4.8)
where h6 is the determinant of hmn(y). We see that (4.6) satisfies the (anti-) self-duality
condition i ∗F5 = ±F5, but at this point we are not allowed to do this. Imposing self-
duality condition on the action would result in wrong field equations. When F5 is given
by (4.6), F25 contains two terms, one from F5 and another from ∗F5. These two terms
take the same form when they are expressed in terms of ∂rˆξ, and this gives twice the
term F 25 in the action, which will be a double consideration and will lead to wrong field
equations. A way out of this difficulty is to set F25 simply as F25 = F 25 in the action (4.1)
and postpone imposing the self-duality condition until we find the whole solutions to
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the field equations [18]. Thus we impose the self-duality condition on the solution (not
on the action) simply as a supplementary constraint, and in this case the dynamics of
∗F5 is governed by the dual action which is given by (4.1) plus (4.2) but where F5 and
A4 are replaced by their duals [19].
Now we set eΦ = gse
Φˆ and choose
A = Φˆ− B . (4.9)
Then the total action is converted into
Ibulk =
1
2κ210 g
2
s
[ ∫
d4x
√−g4R4(gµν)
][ ∫
d6y
√
h6 e
Φˆ−2B
]
+
1
2κ210 g
2
s
[ ∫
d4x
√−g4
] [ ∫
d6y
√
h6
[R6(hmn)− (∂Φˆ)2
+2(∂Φˆ)(∂B)− 2(∂B)2 + g
2
s
2
e2Φˆ−4B(∂rˆξ)
2
]]
(4.10)
plus
Ibrane =
[ ∫
d4x
√−g4
][
−
∫
d6y
√
h6 e
2BT (Φ)δ6(~ˆr) +
∫
d6y
√
h6 µ(Φ) ξ(rˆ)δ
6(~ˆr)
]
,
(4.11)
where the delta function δ6(~ˆr) is defined by
∫
d6y
√
h6 δ
6(~ˆr) = 1. We see that each term
of the total action appears as a product of four-dimensional and six-dimensional actions
and we can obtain four-dimensional and six-dimensional field equations separately from
the total action.
Let us first consider the field equations defined on the six-dimensional internal space.
They are obtained from the six-dimensional effective action Itotal/[
∫
d4x
√−g4 ], where
Itotal is given by (4.10) plus (4.11). We have
−H + g
2
s
4
e2Φˆ−4B ξ′
2 − 1
2
eΦˆ−2Bβ + 10
(R′2
R2
− 1
R2
)
= 0 , (4.12)
4
R′′
R
+H− g
2
s
4
e2Φˆ−4B ξ′
2 − 1
2
eΦˆ−2Bβ + 6
(R′2
R2
− 1
R2
)
= 0 , (4.13)
1
R5
(R5Φˆ′)′ = 2κ210 g
2
s
[
e2B
(
T (Φ) +
∂T (Φ)
∂Φ
)
− ∂µ(Φ)
∂Φ
ξ(rˆ)
]
δ6(~ˆr ) , (4.14)
1
R5
(R5B′)′ − g
2
s
2
e2Φˆ−4B ξ′
2 − 1
2
eΦˆ−2Bβ
= 2κ210 g
2
s
[
e2B
(
T (Φ) +
1
2
∂T (Φ)
∂Φ
)
− 1
2
∂µ(Φ)
∂Φ
ξ(rˆ)
]
δ6(~ˆr ) , (4.15)
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where the ”prime” denotes the derivative with respect to rˆ, and H and β are defined,
respectively, by H ≡ 1
2
Φˆ′2−Φˆ′B′+B′2 and β =
[∫
d4x
√−g4R4
]/[∫
d4x
√−g4
]
. Among
these equations the first two are the Einstein equations,6 while the last two are linear
combinations of the equations for Φˆ and B. The Einstein equations do not contain the
delta function terms on the right-hand sides. This must be so because T (Φ) and µ(Φ)
do not couple to hmn (see (4.2)) and the determinant
√
h6 introduced in (4.11) is merely
artificial. In any case, apart from the field equation for ξ(rˆ) the above four equations
constitute a complete set of linearly independent field equations to solve.
The field equation for ξ(rˆ) is given by
1
R5
d
drˆ
[
e2Φˆ−4B R5
dξ
drˆ
]
= 2κ210 µ(Φ) δ
6(~ˆr ) , (4.16)
which, upon integration, gives
∂rˆξ =
2κ210 µD
Vol(B)
e−2Φˆ+4B
R5
,
(
µD ≡ µ(Φ(0))
)
, (4.17)
where Vol(B) represents the volume of the base of the cone with unit radius: Vol(B) =∫
ǫ5 with ǫ5 =
√
det |hˆab| dψ ∧ dθ1 ∧ dφ1 ∧ dθ2 ∧ dφ2 and where hˆab is defined by dΣ21,1 =
hˆabdy
adyb. From (4.8) and (4.17) one finds
1
2κ210
∫
∗F5 = µD , (4.18)
which confirms the fact that µD is an R-R electric charge carried by a D3-brane located
at ~ˆr = 0. µD, on the other hand, becomes a magnetic charge in the dual theory in which
F5 is given in terms of ∗F5. The magnetic charge associated with ∗F5 of the dual theory
is also defined by (4.18), and therefore µD becomes a self-dual charge − the charge
being both electric and at the same time magnetic − once the self-duality condition is
imposed.
Let us introduce a new coordinate r defined by drˆ/R5 = dr/r5. In terms of the
coordinate r the six-dimensional metric (4.4) becomes
ds26 =
(R
r
)10[
dr2 +
( r
R
)8
r2 dΣ21,1
]
, (4.19)
which reduces to the conifold metric (2.2) when R = r. Using (4.17) one finds that
the set of four linearly independent field equations (4.12)-(4.15) can be rewritten in the
6Equations (4.12) and (4.13) are, respectively, the rr and θiθi components of the Einstein equation
obtained in the orthonormal frame. But in the orthonormal frame the φiφi- and ψψ- component
equations are precisely identical to the θiθi-component equation, and consequently we have only two
independent Einstein equations, (4.12) and (4.13).
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covariant form as
∇2 lnR− 4
R2
(R
r
)10
− 1
4
eΦˆ−2B
(R
r
)10
β = 0 , (4.20)
∇2Φˆ = 2κ210 g2s
[
e2B
(
T (Φ) +
∂T (Φ)
∂Φ
)
− ∂µ(Φ)
∂Φ
ξ(r)
]
δ6(~r ) , (4.21)
∇2B − 1
2
e−2Φˆ+4B
q2D
r10
− 1
2
eΦˆ−2B
(R
r
)10
β
= 2κ210 g
2
s
[
e2B
(
T (Φ) +
1
2
∂T (Φ)
∂Φ
)
− 1
2
∂µ(Φ)
∂Φ
ξ(r)
]
δ6(~r ) , (4.22)
−H + 1
4
e−2Φˆ+4B
q2D
r10
− 1
2
eΦˆ−2B
(R
r
)10
β +
10
R2
[
R′
2 −
(R
r
)10 ]
= 0 , (4.23)
where qD = 2κ
2
10 gs µD/Vol(B), and ∇2 is the Laplacian ∇2 = (1/r5)(d/dr)(r5d/dr)
defined on the conifold (so δ6(~r ) is now normalized by
∫
r5dr ǫ5 δ
6(~r ) = 1). Also H is
defined as before, but now the prime denotes the derivative with respect to r instead
of rˆ. Note that (4.20) has been obtained by adding (4.12) and (4.13), and (4.23) is a
rewrite of (4.12).
Now we turn to the four-dimensional field equation, which is just the Einstein equa-
tion defined on the four-dimensional spacetime. In order to find them we rewrite the
total action in the form
Itotal =
1
2κ2
[ ∫
d4x
√−g4R4(gµν)− 2λ
∫
d4x
√−g4
]
, (4.24)
where λ is defined by
λ = −κ2[Iˆbulk + Iˆbrane] , (4.25)
where
Iˆbulk =
1
2κ210 g
2
s
∫
d6y
√
h6
[R6(hmn)− (∂Φˆ)2 + 2(∂Φˆ)(∂B)
−2(∂B)2 + g
2
s
2
e2Φˆ−4B(∂ξ)2
]
, (4.26)
and Iˆbrane = Ibrane/
[ ∫
d4x
√−g4
]
, which is the brane action per unit volume of the
four-dimensional spacetime. Also in (4.24), 2κ2 is defined by
1
2κ2
=
1
2κ210 g
2
s
∫
d6y
√
h6 e
Φˆ−2B , (4.27)
which is identified as an inverse square of the four-dimensional Planck mass, 2κ2 = 1/M2pl.
Since (4.24) yields the Einstein equation Rµν − 12gµνR4 + λgµν = 0, the above λ is
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identified as the four-dimensional cosmological constant, and one finds that β = 4λ
from the definition of β.
To evaluate λ, substitute (4.20) and (4.23) into (4.26) and use∫
d6y
√
h6R6(hmn) =
∫
r5drǫ5
[
− 10∇2 lnR + 20
R2
[
R′
2
+
(R
r
)10 ]]
, (4.28)
together with
∂rξ =
qD
gs
e4B−2Φˆ
r5
, (4.29)
and (4.27). Then we obtain
Iˆbulk = −3β/4κ2 , (4.30)
and from (4.25),
λ =
κ2
2
Iˆbrane , (4.31)
where we have used the relation β = 4λ. (4.31) shows that λ is just (the value of) the
brane action density times the inverse square of the Planck mass Mpl. The brane action,
which is a world-volume action of the D-brane, consists of two terms. (4.11) shows that
the first term (≡ I(NS)brane) is the DBI action representing the coupling of D-brane to the
closed string fields Gµν and Φ of the NS-NS sector. The second term (≡ I(R)brane) is an
R-R counterpart of the first term since it represents a coupling of D-brane to the R-R
four-form A4. We need this term if the D3-brane is a BPS state.
I
(NS)
brane contains the tension of the D3-brane T (Φ) = T0 e
−Φ + ρvac(Φ), where ρvac(Φ)
takes the form ρvac(Φ) =
∑∞
n=0 ρn e
nΦ. Then from (4.11) and (4.31) (and assuming that
e2B ∼ O(1)), the value of λ arising from ρvac in I(NS)brane is expected to be ∼ µ4/M2pl, where
µ is the large-momentum cutoff at which the supersymmetry is broken. So if we take
µ ∼ TeV (also see footnote 4), µ4/M2pl will be of an order (TeV )4/(1019GeV )2, which is
too large to be a correct value for the present λ. In our case, however, there is another
contribution to λ coming from I
(R)
brane which is also expected to be of the same order as
that of the first term. So we expect that the near-vanishing λ can be obtained if these
two terms cancel each other. In the next section we will show that this is indeed the
case.
V. Vanishing λ and the supersymmetry of the bulk
region
In the previous section we have found that the four-dimensional cosmological constant
λ is given by Ibrane times a constant (1/M
2
pl)[
∫
d4x
√−g4 ]−1. But Ibrane consists of two
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parts, I
(NS)
brane and I
(R)
brane, which suggests that the vacuum energies on the brane must also
appear in two types, NS-NS type and R-R type. In this section we will show that λ is
forced to vanish by field equations and the vanishment of λ requires that the two types
of vacuum energies on the brane cancel to all orders of gs. Also the cancelation between
NS-NS and R-R vacuum energies leads to a constant dilaton, Φ = 0, in the bulk region.
So the supersymmetry is not broken in the bulk region even under vacuum fluctuations
on the brane.
(A) case I
To start the discussion let us go back to the field equations (4.20)-(4.23), and consider
the simplest situation in which we have only a background conifold geometry. Since D3-
brane has not been introduced yet, the tension and charge both vanish: T (Φ) = µ(Φ) = 0
(qD = 0), and the field equations are trivially solved by
7
R(r) = r , Φˆ(r) = B(r) = 0 , β = 0 . (5.1)
So from (4.3) and (4.19) (also see (4.9)) one obtains ds210 = ds
2
0123+ ds
2
conifold with λ = 0,
which coincides with the given configuration as it should be.
The configuration of the case I preserves some unbroken supersymmetry because the
dilaton Φ (as well as other fields) vanishes there. In ten-dimensions the supersymmetry
variation of the dilatino always contains a first derivative of Φ. In the absence of two-
form gauge fields (and in the absence of R-R zero-form for the type IIB)8 the variations
of the fermion fields are given, to a leading order in gs, by
9
δψm = Dmη ∓ 1
8
ΓnpHmnpη , δχφ =
(± Γm∂mΦ− 1
12
ΓmnpHmnp
)
η , (5.2)
where ψM and χφ are gravitino and dilatino, respectively. Thus in the absence of H3
the supersymmetry is unbroken when Φ is constant.10 As a result the case I preserves
1/4 supersymmetry because the background is compactified on a Calabi-Yau. Thus for
instance in the type IIB the unbroken supersymmetry of the case I will be N = 2, d = 4
after reduction.
7Note that (5.1) is the only solution to (4.20)-(4.23) which accords with an assumption that the
background internal space around D3-brane is a conifold (R(r) = r) of the Calabi-Yau threefold. Indeed
in Sec. 8.3 it is precisely shown that for the given action (8.14) β must satisfy β = 0. Since (4.10) is a
simple case of (8.14) the corresponding solution of (4.10) must also satisfy β = 0. So (5.1) is the only
correct solution to the given field equations.
8This, together with H3 = 0, precisely coincides with our configuration under discussion.
9In the type I the terms with Hmnp in both δψm and δχφ are absent. And in the heterotic type the
Hmnp term in δψm appears with the spin connection term which however vanishes as α
′ → 0.
10It is well known [18] that in the type IIB supergravity the supersymmetry requires A = −B, and
therefore Φˆ = 0 from (4.9).
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(B) case II
Next we introduce a D3-brane at the conifold singularity, but the quantum corrections
(the vacuum energy) are still neglected at this point. In the case II the tension and charge
are respectively given by T (Φ) = T0e
−Φ and µ(Φ) = µ0, and therefore qD = q0 where
q0 = 2κ
2
10gsµ0/Vol(B). The solution to (4.20) and (4.21) however takes the same form
as that of the case I because (4.20) does not include any T (Φ) or µ(Φ) (and qD) term,
and the right-hand side of (4.21) vanishes for the given T (Φ) and µ(Φ). So except for
B(r), the solution R(r) = r, Φˆ(r) = 0 and β = 0 of the case I will still be the right
solution for the case II either as long as the equations
∇2 lnχ− 2 q
2
0
r10
χ = 2cB δ
6(~r ) , (5.3)
and ( d
dr
lnχ
)2
− 4 q
2
0
r10
χ = 0 , (5.4)
which follow (after setting R(r) = r, Φˆ(r) = 0 and β = 0) from the remaining equations
(4.22) and (4.23), admit a nonsingular solution. In (5.3) and (5.4), χ = e4B−2Φˆ (with
Φˆ = 0) and
cB = 2κ
2
10 gs χ
1/2(0) T0 . (5.5)
The solution satisfying both (5.3) and (5.4) can be obtained as follows. The solution
to (5.3) takes the form [20]
χ(r) =
a0
[X −X−1]2 ,
(
X = e−(α/4)[c0+(r0/r)
4]
)
, (5.6)
where c0 and r0 are constants, and (assuming that α > 0)
a0 =
4α2 r80
q20
, α =
cB
r40 Vol(B)
. (5.7)
But since χ(r) ≃ a0X2 ≃ a0 exp[−(α/2)(r0/r)4] as r → 0, χ(r) goes to zero as r → 0,
and from (5.5) one finds that cB and consequently α both vanish. Since α vanishes, (5.6)
reduces to
χ(r) =
(
1 +
Q0
r4
)−2
≡ H−2D ,
(
Q0 ≡ q0
4
)
, (5.8)
where c0 and r0 have been so adjusted as to satisfy the asymptotic requirement χ(r)→ 1
as r →∞. Note that (5.8) still satisfies the boundary condition χ(r)→ 0 as r → 0.
(5.8) is obviously the harmonic function for the D3-brane since Q0 is proportional
to gs. Indeed it coincides with the usual harmonic function for the D3-brane if we take
Q0 = gsα
′2. Also one can check that (5.8) satisfies the remaining equation (5.4) as
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well. After all, the solution for the case II, which is a classical (on-shell) solution for the
configuration of D3-brane located at the conifold singularity, is summarized as
R(r) = r , eΦˆ(r) = 1 , eB(r) =
(
1 +
Q0
r4
)−1/2
, β = 0 . (5.9)
The metric is therefore written as
ds210 = H
−1/2
D
[− dt2 + d~x23 ]+H1/2D [dr2 + r2dΣ21,1 ] , (5.10)
which is the usual D3-brane metric and coincides with (2.13) of Sec. II as well.
Also since β vanishes the two terms I
(NS)
brane and I
(R)
brane must cancel to satisfy λ = 0.
This is indeed the case and we can show it as follows. For T (Φ) = T0 e
−Φ and µ(Φ) = µ0,
Ibrane is simply
Ibrane =
[ ∫
d4x
√−g4
] ∫
r5drǫ5
[
− 1
gs
χ1/2T0 + µ0 ξ
]
δ6(~r) . (5.11)
But using (4.29) and (5.9) one finds that
ξ(r) =
1
gs
(
1 +
Q0
r4
)−1
=
1
gs
χ1/2(r) . (5.12)
So (5.11) vanishes if T0 = µ0. Namely λ = 0 is automatically satisfied if the D3-brane is
a BPS state. This agrees with the requirement that the nonzero cosmological constant
on the D-brane should arise from the quantum fluctuations, not from the D-brane itself.
Since we have ignored the quantum corrections in the case II, λ and consequently β
must vanish as in (5.9).
The case II preserves some unbroken supersymmetry because the dilaton is constant,
and it would be half of that of the case I because the D3-brane will reduce the super-
symmetry into a half. Thus the unbroken supersymmetry expected for the type IIB will
be N = 1, d = 4 after reduction.
(C) case III
In the case III we still consider the configuration of D3-brane located at the conifold
singularity, but now the tension and charge of the D3-brane include quantum correction
terms: T (Φ) = T0e
−Φ + ρvac(Φ) and µ(Φ) = µ0 + δµ(Φ). Since sum of two terms of
Ibrane vanishes at the tree level of the D3-brane (case II), the substantial contribution to
λ must come from the quantum correction terms:
λ =
κ2
2
[
δQI
(NS)
brane + δQI
(R)
brane
]
/
[ ∫
d4x
√−g4
]
. (5.13)
Though δQI
(NS)
brane and δQI
(R)
brane in (5.13) are caused by the quantum fluctuations, they
themselves are classical (on-shell) quantities just like the vacuum energy densities ρvac
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and δµ. ρvac and δµ are both macroscopic quantities obtained by integrating local fluc-
tuations all over the four-dimensional spacetime. So they are somethings like spacetime
averages of the local fluctuations which are microscopic quantum phenomena. Since
they are all on-shell quantities they must satisfy the field equations through λ. As men-
tioned in Sec. IV the change in λ caused by ρvac in δQI
(NS)
brane is expected to be of an
order ∼ (TeV )4/(1019GeV )2, and this must be canceled anyway by the change of the
second term, δQI
(R)
brane, in order to obtain near-vanishing λ (more precisely it is ∼ (milli-
eV )4/(1019GeV )2). δQI
(R)
brane due to quantum fluctuations really occurs as follows.
At the classical level I
(R)
brane is given by an electric coupling of the R-R four-form to
the four-dimensional world volume of the D3-brane: I
(R)
brane = µ0
∫
A4. But this can be
rewritten as
I
(R)
brane =
1
4!
∫
d4xAµ0µ1µ2µ3 J
µ0µ1µ2µ3 , (5.14)
where Jµ0µ1µ2µ3 is the world volume current density of the D3-brane:
Jµ0µ1µ2µ3 = µ0 ǫ
α0α1α2α3
(∂Xµ0
∂xα0
) · · · (∂Xµ3
∂xα3
)
. (5.15)
At the classical level Jµ0µ1µ2µ3 is just a solitonic current density, Jµ0µ1µ2µ3sol , represent-
ing classical world volume dynamics of D3-brane. In that case Xµ(x)’s in (5.15) stand
for classical fields, Xµcl(x), defined on the world volume of the D3-brane, and for the
embedding Xµcl(x) = x
µ, J0123sol is simply µ0. At the quantum level, however, X
µ(x)’s
include fluctuations and we have to separate each of them into a classical part and
the fluctuation, Xµ = Xµcl + X
µ′. By this separation Jµ0µ1µ2µ3 can be written as
Jµ0µ1µ2µ3 = Jµ0µ1µ2µ3sol + < χ
µ0µ1µ2µ3
vac > where J
µ0µ1µ2µ3
sol is the classical current density
as mentioned above, while < χµ0µ1µ2µ3vac > is an R-R counterpart of ρvac representing
quantum corrections arising from the fluctuations on the D3-brane. Finally denoting
J0123sol and < χ
0123
vac > by µ0 and δµ(Φ), respectively, one can rewrite (5.14) as
I
(R)
brane =
[ ∫
d4x
√−g4
] ∫
r5drǫ5 µ(Φ) ξ(r)δ
6(~r) , (5.16)
which is just the second term of (4.11) and where µ(Φ) = µ0+ δµ(Φ). (5.16) shows that
δQI
(R)
brane is due to δµ(Φ), the R-R counterpart of ρvac.
Let us go back to the field equations (4.20)-(4.23), where T (Φ) and µ(Φ) are now
given by T (Φ) = T0 e
−Φ + ρvac and µ(Φ) = µ0 + δµ(Φ). The field equation (4.20) does
not change and still can be solved by R(r) = r and β = 0. So λ must vanish by (4.20).
Upon setting R(r) = r and β = 0 the remaining field equations can be recast into
∇2Φˆ = δcΦ δ6(~r) , (5.17)
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∇2 lnχ− 2 q
2
D
r10
χ = 2(cB + δcB) δ
6(~r) , (5.18)
( d
dr
lnχ
)2
− 4 q
2
D
r10
χ+ 4
(dΦˆ
dr
)2
= 0 , (5.19)
where χ = e4B−2Φˆ and cB = 2κ
2
10 gs χ
1/2(0) T0 as before but δcB and δcΦ are
δcB = 2κ
2
10 gs χ
1/2(0) eΦρvac
∣∣
Φ=Φ(0)
,
δcΦ = 2κ
2
10 g
2
s
[ 1
gs
χ1/2(0) eΦ
(
ρvac +
∂ρvac
∂Φ
)− ∂δµ
∂Φ
ξ(0)
]
Φ=Φ(0)
. (5.20)
Equations (5.18) and (5.19) have the same form as (5.3) and (5.4) except that the
constants q0 and cB are replaced by qD and cB + δcB. Using cB + δcB → 0, one obtains
χ(r) =
(
1 +
QD
r4
)−2
,
(
QD ≡ qD
4
)
, (5.21)
and from (4.29)
ξ(r) =
1
gs
(
1 +
QD
r4
)−1
=
1
gs
χ1/2(r) . (5.22)
We have just seen that the condition λ = 0 is still maintained in case III as well. This
means that the field equation (4.20) forces δQI
(NS)
brane and δQI
(R)
brane to adjust themselves to
cancel so that λ vanishes even at the quantum level. Omitting the tree level terms in
(5.11) one finds that Ibrane, which now consists of δQI
(NS)
brane and δQI
(R)
brane, is given by
Ibrane =
[ ∫
d4x
√−g4
] ∫
r5drǫ5
[
− 1
gs
χ1/2eΦ ρvac + δµ ξ
]
δ6(~r) . (5.23)
So the condition λ = 0 requires that
1
gs
χ1/2eΦ ρvac = δµ ξ , (5.24)
which in turn implies
eΦ ρvac = δµ (5.25)
by (5.22). Further, using the perturbative expansions ρvac =
∑∞
n=0 ρne
nΦ and δµ =∑∞
n=1 µne
nΦ one can express (5.25) in terms of the coefficients ρn and µn as
ρn = µn+1 , (5.26)
where n represents non-negative integers. (5.26) is a result of λ = 0 and it shows that
the two types of vacuum energies on the brane must cancel to all orders of gs.
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It is well known [21] that (5.26) is really satisfied for n = 0, where ρ0 and µ1 are
identified as the NS-NS and R-R sector one-loop amplitudes of the unoriented string
theory: ρ0 ∼ iANS/V10 and µ1 ∼ −iAR/V10 with A (≡ ANS +AR) given by
A =
∫
T2
d2τ
4τ2
TrNS+R
{
Ω(F,F˜ ) q
L0 q¯L¯0
}
(5.27)
for the closed string, and similarly for the open string. In (5.27), q = exp(2πiτ) and
Ω(F,F˜ ) is an appropriate GSO projection of the given theory. For instance for type IIB
it will be Ω(F,F˜ ) =
1+(−1)F
2
1+(−1)F˜
2
. The amplitude A vanishes for the BPS states and
the cancelation between two sectors is achieved by Jacobi’s abstruse identity. In fact
(5.26) (and equivalently (5.25)) can be regarded as a restatement of the BPS condition,
and consequently some spacetime supersymmetry is still expected in the case III. Note
that δcΦ in (5.20) vanishes by (5.24) because the right-hand side of (5.20) is just a
functional Φ derivative of (5.24), and therefore we have Φˆ = 0 from (5.17) as in the case
II. The unbroken supersymmetry of the case II is still preserved in the case III as well.
The vacuum fluctuations on the D-brane do not break the supersymmetry of the bulk
region.
VI. Supersymmetry breaking
In the previous section we have seen that vacuum fluctuations on the BPS D3-
brane do not break the supersymmetry of the bulk region because the dilaton remains
a constant there even under fluctuations on the D3-brane. Such a result seems to be
natural for the BPS state since in that case the right-hand side of the field equation for
Φ vanishes by the cancelation between NS-NS and R-R sector vacuum energies on the
brane. So we have a constant Φ and hence an unbroken supersymmetry. This, however,
is not to be the case anymore when we go to the brane region. In this section we will
show that the d = 4 supersymmetry is essentially broken in the brane region due to the
gauge symmetry breaking of the R-R four-form arising at the quantum level.
6.1 Gauge symmetry breaking induced by quantum fluctuations
The total action (4.1) plus (4.2) remains invariant under the gauge transformation
A4 → A4 + δA4 with δA4 = dΛ3 where Λ3 is an arbitrary three-form. Ibulk is invariant
because so is F5 in Ibulk. Ibrane is also invariant because the variation δI
(R)
brane vanishes for
δA4 = dΛ3: δI
(R)
brane = µ0
∫
∂Σ
Λ3 = 0 where ∂Σ is the boundary of the four-dimensional
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spacetime.11 But this is valid only at the classical level. When we go up to quantum level
I
(R)
brane is not gauge invariant anymore though Ibulk still remains gauge invariant. Note that
I
(R)
brane can be written as (5.14) and where J
µ0µ1µ2µ3 consists of two parts, Jµ0µ1µ2µ3sol and
< χµ0µ1µ2µ3vac >. The current density J
µ0µ1µ2µ3
sol satisfies ∂µ0J
µ0µ1µ2µ3
sol = 0 because it is a tree
level (on-shell) quantity. But χµ0µ1µ2µ3vac does not necessarily satisfy < ∂µ0χ
µ0µ1µ2µ3
vac >= 0
because it is an off-shell quantity arising from the quantum fluctuations. Thus the total
Jµ0µ1µ2µ3 is not locally conserved at the quantum level and the gauge transformation
δAµ0µ1µ2µ3 = 4 ∂[µ0 Λµ1µ2µ3] induces a nonzero variation of I
(R)
brane. Integrating by parts
one obtains
δI
(R)
brane = −
1
3!
∫
d4xΛµ1µ2µ3 < ∂µ0χ
µ0µ1µ2µ3
vac > , (6.1)
and since < ∂µ0χ
µ0µ1µ2µ3
vac > is nonzero (6.1) does not generally vanish at the quantum
level. δI
(R)
brane, however, vanishes if Φ (and therefore δµ(Φ)) is independent of x. In terms
of δµ(Φ) δI
(R)
brane can be rewritten as
δI
(R)
brane =
∫
d4x δµ(Φ) ∂[0Λ123] , (6.2)
and (6.2) vanishes if δµ(Φ) is independent of x because in that case the integrand
becomes a total derivative in x.
In addition to (6.2) there is another important variation of I
(R)
brane which plays a crucial
role in addressing the cosmological constant problem. To find its explicit form rewrite
it as δI
(R)
brane = µ0
∫
dΛ3 and take an ansatz
Λ3 = F (y)
√−g4 dx1 ∧ dx2 ∧ dx3 , (6.3)
where F (y) is an arbitrary function of the internal coordinates ym. (6.3) is the most
appropriate ansatz for Λ3, which accords with (4.5). Taking a derivative to Λ3 one
obtains
δI
(R)
brane =
∫
d4x
√−g4 fm(y)Jm123 + 3
2
∫
d4x
√−g4H F (y)J0123 , (6.4)
where fm(y) (≡ ∂mF (y)) represents δAm123/√−g4, and H
(≡(2/3) ∂0 ln√−g4) is Hubble
constant of the four-dimensional spacetime ds24 = −dt2+eHtd~x3, which therefore vanishes
for λ = 0 because λ ∝ H2. Also in (6.4) Jm123 is defined by
Jm123 = µ0ǫ
α0α1α2α3
(∂Y m
∂xα0
) ∧ ( ∂X1
∂xα1
) ∧ (∂X2
∂xα2
) ∧ (∂X3
∂xα3
)
, (6.5)
as in J0123.
11Here we assumed that the four-dimensional spacetime has no boundary.
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At the classical level Jm123 is simply Jm123sol where Y
m and Xµ are classical fields, and
it vanishes for the embedding Xµ(x) = xµ because ∂Y m/∂xα0 = 0. So the nonvanishing
contribution to Jm123 comes from the quantum excitations < χm123vac >. Denoting <
χm123vac > by δµ
m
T (Φ), one can rewrite (6.4) as
δI
(R)
brane =
[ ∫
d4x
√−g4
] ∫
r5drǫ5 δµ
m
T (Φ) fm(y) δ
6(~r) , (6.6)
where we have omitted the second term since we always consider the configuration with
λ = 0 as required by (4.20). By (6.6) the field equations necessarily acquire extra terms.
But in effect only (4.21) among (4.20)-(4.23) is revised by the additional contribution
δI
(R)
brane. The other equations (when expressed in terms of χ(= e
4B−2Φˆ)) remain unchanged
as one can check from the total brane action Ibrane + δI
(R)
brane. The revised field equation
is
∇2Φˆ = 2κ210g2s
[
e2B
(
T (Φ) +
∂T (Φ)
∂Φ
)
− ∂µ(Φ)
∂Φ
ξ(r)− ∂δµ
m
T (Φ)
∂Φ
fm(y)
]
δ6(~r) , (6.7)
and similarly for ∇2B. Also the total brane action is
Ibrane =
[ ∫
d4x
√−g4
] ∫
r5drǫ5
[
− e2BT (Φ) + µ(Φ)ξ(r) + δµmT (Φ)fm(y)
]
δ6(~r) . (6.8)
The last term of (6.7) and (6.8) will act as a supersymmetry breaking term (see Secs.
6.3 and 7.1). Since it occurs as a result of the gauge symmetry breaking of A4, we may
say that the primary cause of the supersymmetry breaking is a five-form anomaly in a
sense. But this is not the usual gravitational anomaly for the five-form. In the usual
gravitational anomaly the five-form acts as a source for the gravity. But in here the five-
form plays the role of the gauge field coupled to the string fields on the D3-brane which
now act as a source for the five-form. The gauge symmetry breaking of A4 does not occur
in the bulk region, so the bulk region does not suffer from this anomaly. From all this
the anomaly associated with the supersymmetry breaking may have to be understood
as a composition of the various anomalies for the string fields on the D3-brane which
couple to A4. The integration of these anomalies over the brane region turns out to
vanish by the condition λ = 0 (see Sec. IX). So the above result does not mean that the
theory with broken supersymmetry becomes anomalous. In general the ten-dimensional
superstring theory is known to be anomaly free [22, 23]. We will get back to this in Sec.
IX.
6.2 D3-brane with a nonzero thickness
So far we have assumed that the D3-brane located at the conifold singularity has
a zero thickness. But in reality D3-brane has its own thickness and the case III may
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not be suitable for a real model. For instance in (4.27) Mpl diverges in the thin brane
limit because e−2B → ∞ as r → 0 in the case III of the previous section. By the
same reason δQI
(NS)
brane following from (4.11) with T (Φ) = T0 e
−Φ + ρvac simply vanishes
in the thin brane limit. This is not realistic because δQI
(NS)
brane per unit volume of the
four-dimensional spacetime must be at least of an order ∼ (TeV )4 as mentioned in Sec.
IV. These unrealistic situations can be avoided if we allow for nonzero thickness to the
brane because in that case the integration region does not contain the (neighborhood of
the) point ~r = 0.
More importantly the supersymmetry breaking with vanishing λ can be easily un-
derstood if we allow for nonzero thickness to the brane, as we shall see in this section
a little later on. The scenario of nonzero thickness of D-brane associated with the cos-
mological constant problem has already been studied in the literature [16, 24], where
they argued that a tiny cosmological constant can be achieved if one assumes that the
cosmological constant receives contributions only from the vacuum energy of the bulk
fields. In the followings we will also assume that the D3-brane at the conifold singular-
ity has a nonzero thickness rB, though the entire structure of the mechanism is totally
distinguished from that of [16, 24]. In this setup the delta function source terms of the
field equations vanish outside the brane, while they do not inside the brane. In order to
see it explicitly, we divide the whole transverse space into a brane region (0 ≤ r < rB)
and bulk region (r > rB), and modify the delta function δ
6(~r ) into
δ6(~r ) =
{
δ0 for 0 ≤ r < rB
0 for r > rB ,
(
δ0 ≡ 6
r6B
1
Vol(B)
)
. (6.9)
6.3 Field equations and their solutions in the brane region
In the brane region the whole field equations with delta function sources must be
revised by (6.9). First, the field equation for ξ(r) must be recast into
1
r5
d
dr
[
e2Φˆ−4B r5
dξ
dr
]
= 2κ210 δ0 µ(Φ) , (6.10)
which, upon integration
∫
r5drǫ5, gives
∂rξ =
1
gs
qin(r)
r5
χ ,
(
qin(r) ≡ c0
∫
r5drµ(Φ)
)
, (6.11)
where χ = e4B−2Φˆ as before and c0 = 2κ
2
10gsδ0. Using (6.11) one obtains from (6.7) and
the remaining equations in (4.12)-(4.15):
∇2Φˆ = c0 χ1/2eΦ
(
ρvac +
∂ρvac
∂Φ
)
− c0 gs
[∂δµ
∂Φ
ξ +
∂δµmT
∂Φ
fm
]
, (6.12)
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∇2 lnχ− 2[qin(r)]
2
r10
χ = 2c0 χ
1/2T0 + 2c0 χ
1/2 eΦρvac , (6.13)
( d
dr
lnχ
)2
− 4[qin(r)]
2
r10
χ+ 4
(dΦˆ
dr
)2
= 0 , (6.14)
where the condition β = 0 with R(r) = r is always understood in the above and in what
follows.
The above equations are highly nonlinear in eΦ and may be solved perturbatively
(order by order) in gs. Now we expand e
Φˆ and χ1/2 as
eΦˆ = eΦˆ(0)
(
1 + gsU(1) + g
2
sU(2) + · · ·
)
, (6.15)
χ1/2 = χ
1/2
(0)
(
1 + gsV(1) + g
2
sV(2) + · · ·
)
, (6.16)
and from µ(Φ) =
∑∞
n=0 µne
nΦ we can write qin(r) as
qin(r) =
1
6
c0µ0r
6 + gsc0µ1
∫
r5dreΦˆ(0) + · · · . (6.17)
Finally from (6.11) and (6.17)
∂rξ =
c0µ0
6gs
rχ(0) +
c0
6
rχ(0)
(
µ1 + 2µ0V(1)
)
+ · · · . (6.18)
(A) Tree level
At the tree level of the D3-brane the vacuum energy terms ρvac, δµ(Φ), and δµ
m
T (Φ)
all vanish and T (Φ) and µ(Φ) are simply given by T (Φ) = T0e
−Φ and µ(Φ) = µ0. The
tree level equations are the lowest-order (order of g0s) equations of (6.12)-(6.14). They
are
∇2Φˆ(0) = 0 , (6.19)
∇2 lnχ(0) − 2 q
2
0
r12B
r2χ(0) = 2c0T0χ
1/2
(0) , (6.20)
( d
dr
lnχ(0)
)2
− 4 q
2
0
r12B
r2χ(0) + 4
(dΦˆ(0)
dr
)2
= 0 , (6.21)
where q0 ≡ 16c0r6Bµ0.
The first equation is trivially solved by Φˆ(0) = 0, but the second equation has a
nontrivial solution
χ
1/2
(0) =
cH
r2
,
(
cH =
18
c0µ0
(T0
µ0
)[
− 1±
√
1− 8
9
(µ0
T0
)2 ])
(6.22)
for µ0 6= 0. Substituting (6.22) into (6.21) shows that µ0 must be related to T0 by
µ0 = T0. This accords with the result of the case II of Sec. V where the field equations
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require that the D3-brane should be a BPS state. Indeed one can check that (6.20) and
(6.21) do not allow for non-BPS solution with µ0 = 0 for the given value of Φˆ = 0 as it
should be. Thus χ
1/2
(0) is finally given by
12
χ
1/2
(0) = −
12
c0µ0
1
r2
, (µ0 = T0) , (6.23)
and from (6.18) ξ(r) is now written as
ξ =
1
g2s
[
ξ(0) + gsξ(1) + · · ·
]
(6.24)
where ξ(0) and ξ(1) are defined, respectively, by
ξ(0) = − 12
c0µ0
gs
r2
, ξ(1) = −12gs
c0µ0
[(µ1
µ0
) 1
r2
− 4
∫
dr
r3
V(1)
]
. (6.25)
Brane action also can be expressed in a series form. From (6.8) and the given
expansions of the previous functions, one can write Ibrane as
Ibrane =
1
g2s
[
I
(0)
brane + gsI
(1)
brane + · · ·
]
, (6.26)
where
I
(0)
brane = δ0
[ ∫
d4x
√−g4
] ∫
r5drǫ5
[
− gsT0χ1/2(0) + µ0ξ(0)
]
(6.27)
is the tree level action of the order g0s , and
I
(1)
brane = δ0
[ ∫
d4x
√−g4
] ∫
r5drǫ5
[
− gsχ1/2(0) (V(1)T0 + ρ0) + µ0ξ(1) + µ1ξ(0) + νm1 f (0)m
]
(6.28)
is the one-loop action of the order g1s , where the integration
∫
r5drǫ5 is taken over the
brane region and we have set
δµmT (Φ) =
∞∑
n=1
νmn e
nΦ , fm =
1
g2s
[
f (0)m + gsf
(1)
m + · · ·
]
, (6.29)
as in δµ(Φ) and ξ(r). The condition λ = 0 requires that all I
(n)
brane’s in (6.26) should
vanish respectively. At the tree level, I
(0)
brane vanishes if µ0 = T0 because χ
1/2
(0) and ξ(0)
satisfy the relation gsχ
1/2
(0) = ξ(0) by (6.23) and the first equation of (6.25). Thus the
condition λ = 0 at the tree level requires that the D3-brane should be a BPS state as in
the previous section.
12The solution with minus sign in front of the square root in (6.22) does not satisfy (6.21).
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(B) One-loop level
One-loop level equations can be obtained by collecting g1s -order terms in (6.12)-(6.14).
They are
∇2U(1) = c0
gs
(
ρ0gsχ
1/2
(0) − µ1ξ(0)
)
− c0
gs
νm1 f
(0)
m , (6.30)
∇2V(1) − c
2
0µ
2
0
18
(µ1
µ0
+ V(1)
)
r2χ(0) = c0
(
T0V(1) + ρ0
)
χ
1/2
(0) , (6.31)
( d
dr
lnχ(0)
)(dV(1)
dr
)
− c
2
0µ
2
0
18
(µ1
µ0
+ V(1)
)
r2χ(0) = 0 . (6.32)
The first two terms on the right-hand side of (6.30) cancel by (6.23) and (6.25) for
ρ0 = µ1, and (6.30) reduces to
∇2Φˆ = −c0 ρ(1)T , (6.33)
where we have used the fact that Φˆ = gsU(1) in the first-order (one-loop level) approxi-
mation, and ρ
(1)
T is defined by
ρ
(1)
T = ν
m
1 f
(0)
m . (6.34)
ρ
(1)
T is one of the (one-loop order) vacuum energy density whose distribution is given by
f
(0)
m . It originates from the quantum excitations with components along the transverse
directions and becomes the primary cause of the supersymmetry breaking. Were it not
for this term, the supersymmetry would be unbroken for ρ0 = µ1, which is the n = 0
case of (5.26). But since ρ
(1)
T 6= 0 in general, the cosmological constant problem requires
that the condition λ = 0 must be compatible with the nonzeroness of ρ
(1)
T . We will be
back to this in Sec. 7.1.
The solution to the remaining equations (6.31) and (6.32) is found to be
V(1) = −µ1
µ0
(
1 +
r20
r2
)
, (6.35)
where r0 is an arbitrary constant and the condition ρ0 = µ1 is also required by (6.32).
The solution (6.35) is valid for any U(1) because (6.31) and (6.32) do not depend on U(1).
This then implies that both supersymmetry-broken and unbroken solutions described by
the same (χ(0), V(1), ξ(0), ξ(1)) are equally qualified for a solution to the field equations.
This a little unexpected result is due to the fact that in the g1s-order approximation the
U(1)-terms in e
Φ and (∂Φˆ)2 of (6.13) and (6.14) are already of an order g2s and do not
appear in the g1s -order equations of (6.13) and (6.14). The same thing also happens in
the higher-order equations. In the gns -order equations U(n) appears as of an order g
n+1
s
in eΦ and similarly as of an order g2ns in (∂Φˆ)
2, respectively. So U(n) does not appear in
the nth order equations of (6.13) and (6.14), and these equations admit both solutions
(the one with U(n) = 0 and the other with U(n) 6= 0) to a correct solution.
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VII. Address the cosmological constant problem
In the previous section we have considered a configuration of D3-brane which pos-
sesses its own thickness, and then found solutions to the field equations in the brane
region. So in the next we may have to work out the field equations in the bulk region.
However, we do not need to do this. The field equations and their solutions in the bulk
region are already found in the case III of the Sec. V. The supersymmetry is unbroken
and λ = 0 is maintained by field equations. So we do not need to know about the
solutions of the bulk region anymore. The solutions of the brane region obtained in Sec.
6.3 is sufficient enough to address the cosmological constant problem.
7.1 Supersymmetry breaking with vanishing λ
In Sec. 6.3 we have seen that the tree level action I
(0)
brane vanishes for µ0 = T0, and the
field equation for Φˆ possesses a supersymmetry breaking term at the one-loop level (see
(6.33)). Now λ = 0 requires13 that I
(1)
brane must also vanish. To see this, we substitute
(6.35) into the second equation of (6.25) to get
ξ(1) =
12gs
c0µ0
(µ1
µ0
) 1
r2
(
1 +
r20
r2
)
= gsχ
1/2
(0) V(1) . (7.1)
Using (7.1) and gsχ
1/2
(0) = ξ(0) one finds that all but the last term in (6.28) cancel out for
µ0 = T0 and µ1 = ρ0, and we are left with
I
(1)
brane = δ0
[ ∫
d4x
√−g4
] ∫
r5drǫ5 ν
m
1 f
(0)
m . (7.2)
Thus when we consider up to the one-loop level, λ can be written as
λ =
κ2
2
δ0
∫
r5drǫ5 ρ
(1)
T , (7.3)
where the integration is taken over the whole brane region of the transverse space.
Now the point of the cosmological constant problem can be summarized as whether
we can find a nonzero function ρ
(1)
T satisfying
δ0
∫ r=rB
r=0
r5drǫ5 ρ
(1)
T ≡ QTtotal = 0 , (7.4)
where QTtotal represents the total vacuum energy (per unit volume of the four-dimensional
spacetime) of the brane region which originated from the excitation < χm123vac >. For
such a function ρ
(1)
T , λ vanishes by (7.4) because λ is given by λ = (κ
2/2)QTtotal, and the
13Recall that λ must vanish by the condition β = 0 which is required by (4.20).
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supersymmetry is broken by (6.33) because ρ
(1)
T is a nonzero function, which is the very
configuration required by the cosmological constant problem. In the followings we will
consider two different cases of this configuration.
First we integrate (6.33) by
∫
d6y
√
h6 and use the divergent theorem to find ∂mΦˆ,
where hmn represents the conifold metric (2.2). We obtain∮
S(ym)
dΣm
√
h6 h
mn∂nΦˆ = −c0
∫ ym
0
d6y
√
h6 ρ
(1)
T , (7.5)
where
∮
S(ym)
dΣm is a surface integral taken over the hypersurface defined by a certain
fixed ym. Now let us find the configurations which respect (7.4) as required by the
cosmological constant problem.
(A) Case I
Suppose that Φˆ is only a function of r: Φˆ = Φˆ(r). In this case (7.5) reduces to
∂rΦˆ = −c0
r5
∫ r
0
r5drρ
(1)
T , (7.6)
and the natural solution ρ
(1)
T satisfying (7.4) may be written as
ρ
(1)
T =
rB
r5
∞∑
n=1
(an cos knr + bn sin knr) ,
(
kn ≡ 2πn
rB
)
, (7.7)
where an and bn are arbitrary dimensionless constants. Substituting (7.7) into (7.6) one
obtains
∂rΦˆ = c0
rB
r5
∞∑
n=1
[ 1
kn
(bn cos knr − an sin knr)− bn
kn
]
. (7.8)
Note that ∂rΦˆ without the last (constant) term of (7.8) is also a good solution to (6.33)
corresponding to (7.7). This solution is interesting because it diverges as r → 0 meaning
that the magnitude of the supersymmetry breaking is infinitely large at r = 0.
(B) Case II
Now suppose that < χm123vac > contains the excitations along the isometry directions
ψ or φi: m = ψ or φi. In this case ρ
(1)
T becomes a function of ψ or φi (and necessarily
of r and θi). Choose m = ψ for definiteness of our discussion and suppose that Φˆ is a
function of ψ alone14: Φˆ = Φˆ(ψ). For this Φˆ (7.5) reduces to
hψψ∂ψΦˆ = −c0
∫ ψ
0
dψ ρ
(1)
T , (7.9)
14In this case the ψ dependence of Φˆ must be taken into account when we solve the field equations
(for χ) with order higher than g2s . But the field equations in Sec. 6.3 remain unchanged because they
are g0s - and g
1
s -order equations.
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and ρ
(1)
T satisfying (7.4) is now given by
ρ
(1)
T = f(r, θi)
∞∑
n=1
[
an cos
n
2
ψ + bn sin
n
2
ψ
]
, (−2π ≤ ψ ≤ 2π) , (7.10)
where an and bn are arbitrary dimensionless constants, while f(r, θi) is an arbitrary
function of r and θi with length dimension minus four. Also f(r, θi) must satisfy the
condition that r5f(r, θi) be regular in the region 0 ≤ r ≤ rB.
For f(r, θi) = −hψψ/r20 (where r0 is an arbitrary constant with length dimension one)
(7.9) is solved by
∂ψΦˆ = γ0
∞∑
n=1
[
a˜n cos
n
2
ψ + b˜n sin
n
2
ψ
]
,
(
γ0 ≡ c0
r20
)
, (7.11)
and therefore
Φˆ = −γ0
∞∑
n=1
(2
n
)2[
an cos
n
2
ψ + bn sin
n
2
ψ
]
, (7.12)
where a˜n ≡ −(2/n)bn, b˜n ≡ (2/n)an, and γ0 is a dimensionless constant of order g1s .
(7.11) still represents an arbitrary Fourier expansion because a˜n and b˜n are arbitrary as
well as an and bn.
(C) Orbifold compactifications
There is a simple but important solution subject to (7.11). The step function Θ(ψ)
defined by Θ(ψ) = +1(−1) for 0 < ψ < 2π (−2π < ψ < 0) can be represented by
the sine series (a˜n = 0) of (7.11). In this representation Φˆ is given by Φˆ = γ0|ψ| and
therefore eΦ = gse
γ0|ψ|. Now rewrite (4.3) (with (4.9)) as
ds210 = e
−Bds˜2conifold + e
Bgµνdx
µdxν , (7.13)
where ds˜2conifold is defined by ds˜
2
conifold = e
Φˆds2conifold. Then taking γ0 = 1 (namely take
r20 = c0) one obtains
ds˜2conifold = e
|ψ| ds2conifold . (7.14)
(7.14) represents a Z2-orbifolding where the conifold metric is Z2-orbifolded along ψ with
ψ ∼= −ψ. In the same way if we introduce a new step function Θ(ψ) = +1(−1) for 0 <
ψ < 2pi
N
(−2pi
N
< ψ < 0) mod 4π we can generalize (7.14) to the ZN -orbifolding generated
by (r, tm) where r is the reflection ψ ∼= −ψ and tm is the translation ψ ∼= ψ + 4piNm. We
can do the same thing to the case of m = φi to orbifold the metric along φi.
Orbifold compactification generally reduces the number of unbroken supersymme-
tries of the theory and in our case one can expect that the ZN -orbifolding leads to a
nonsupersymmetric theory because originally we had only one (for instance N = 1,
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d = 4 for the type IIB) unbroken supersymmetry which however would be broken by
the ZN -orbifolding. Good examples are given in [25] where the authors presented a
nonsupersymmetric type II theory compactified on orbifolded T6 in which the super-
symmetry is broken at the string scale but the quantum corrections to the cosmological
constant cancel. These examples may explain why ds2conifold in ds
2
10 should be replaced
by ds˜2conifold in (7.13). However, the usual orbifolding methods [26] including [25] are no
more than a special way to obtain nonsupersymmetric theories with vanishing λ. Ac-
cording to the discussion of Sec. 7.1 the most general way to obtain nonsupersymmetric
theory with vanishing λ is to replace ds2internal → eΦˆds2internal, where Φˆ is a solution to
(6.33) and where ρ
(1)
T is subject to (7.4).
The whole discussion in Sec. 7.1 is basically based on the assumption that the D3-
brane has a nonzero thickness rB. Indeed in the case I, kn diverges as rB → 0 and hence
Φˆ or its derivative ∂Φˆ is not well defined in the thin-brane (rB = 0) limit. However, Φˆ
and the other functions of the case II do not contain the parameter rB and therefore
taking the limit rB → 0 certainly makes sense in the case II. So the whole discussions of
this paper may not be restricted only to the case of the brane with nonzero thickness.
7.2 Why broken supersymmetry?
In Sec. 7.1 we have seen that the d = 4 reduced supersymmetry can be arbitrarily
broken (while maintaining λ = 0) if ρ
(1)
T is given by the Fourier expansions satisfying
(7.4). However, the Fourier expansions contain a special case, ρ
(1)
T = 0, in which the
coefficients an and bn all vanish. In this case λ of course vanishes by (7.3), but at the
same time the d = 4 supersymmetry also remains unbroken. This is certainly not the
case of our universe because the d = 4 supersymmetry of our universe is believed to be
broken. So the question is that why our universe did not make this relatively simple
choice. Why did our universe choose a nonzero f
(0)
m ? We may have to answer this last
question to make our discussion on the cosmological constant problem complete.
To find the answer to this question, we go back to (4.10) and (6.8) to calculate the
minimum value of the total action Itotal. The brane action (6.8) vanishes in any case
by the condition λ = 0 or (7.4). Also the first term of (4.10) vanishes for λ = 0 since
R4(gµν) is proportional to λ. Thus the minimum value of Itotal is entirely determined
by the remaining terms of (4.10), which is just given by (4.26). Since R6(hmn) vanishes
for R(r) = r the total action finally becomes
Itotal ∝
∫
d6y
√
h6
[
− 1
8
(
∂ lnχ)2 +
g2s
2
χ−1(∂ξ)2 − 1
2
(
∂Φˆ
)2 ]
, (7.15)
where the positive proportionality constant
[ ∫
d4x
√−g4
]
/2κ210 g
2
s has been omitted.
Basically (7.15) vanishes by (6.14) to all orders of gs. However, (6.14) is too restrictive
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in the phenomenological sense because it was obtained from the conventional action with
the smallest number of field contents. In more realistic extended models we need more
terms in the action. So if we can relax (6.14) at the order of (and higher than) g2s the
following discussion can be made.
(7.15) can be expanded in a power series of gs as
Itotal ∝
∫
d6y
√
h6
[
Σ(0) + gsΣ(1) − g
2
s
2
(
∂U(1)
)2
+ · · ·
]
, (7.16)
where
Σ(0) = −1
8
(
∂ lnχ(0)
)2
+
1
2g2s
(
∂ξ(0)
)2
χ−1(0) , (7.17)
Σ(1) = −1
2
(
∂ lnχ(0)
)(
∂V(1)
)
+
1
g2s
χ−1(0)
[(
∂ξ(0)
)(
∂ξ(1)
)− V(1)(∂ξ(0))2] . (7.18)
In Sec. 6.3 we have seen that the nonsupersymmetric solution described by (χ(0), V(1),
ξ(0), ξ(1)) with nontrivial U(1) is as equally qualified for a solution to the field equations
as the supersymmetric solution described by the same (χ(0), V(1), ξ(0), ξ(1)) but with
vanishing U(1). Both of these solutions can satisfy the field equations because χ(0) and
V(1) (and consequently ξ(0) and ξ(1)) are entirely determined by the U(1)-independent
field equations, and on the other hand U(1) is only determined by an arbitrary f
(0)
m
through (6.30). Now one can check that both Σ(0) and Σ(1) vanish for the given (χ(0),
V(1), ξ(0), ξ(1)) of Sec. 6.3. So the first two terms in (7.16) vanish for both solutions, and
Itotal is finally given by
Itotal ∝ −g
2
s
2
∫
d6y
√
h6 (∂U(1))
2 + · · · . (7.19)
The first term of (7.19) takes negative values for the solutions with nontrivial U(1), while
it vanishes for the solution with vanishing U(1). Thus (7.19) suggests that the solution
with broken supersymmetry would be more favored by the action principle than the
other with unbroken supersymmetry because the former takes lower values of Itotal than
the latter. But see also the fourth last paragraph of Sec. IX.
VIII. With nonvanishing fluxes
So far in the previous sections we have considered the conventional compactifications
with H3 = 0 and Φ = constant to address the cosmological constant problem. In the
framework of these compactifications we found that λ adjusts itself to zero forced by
field equations, while the d = 4 supersymmetry is broken in the brane region. But
the conventional compacitifications typically suffer from having too many moduli whose
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vacuum expectation values are not properly determined. To obtain more realistic phe-
nomenological models we may need to generalize our discussion to the case where we
have some nontrivial potential that can freeze these undetermined moduli. In this sec-
tion we will consider the flux compactifications where the fluxes including H3 are all
turned on to stabilize the moduli of the Calabi-Yau threefolds.
8.1 Superpotential and scalar potential
Consider the low-energy effective action of the type IIB string theory. In the Einstein
frame it can be written in the SL(2,R) invariant form,
IIIB =
1
2κ210
∫
d10x
√−G
[
R10 − (∇φ)
2
2(Imφ)2
− 1
2 · 3!
G3 · G¯3
Imφ
− 1
2 · 5! F˜
2
5
]
+
2
2κ210
∫
A4 ∧G3 ∧ G¯3
4iImφ
(8.1)
with
G3 = F3 − φH3 , φ = A0 + ie−Φ , (8.2)
and
F˜ = F5 − 1
2
A2 ∧H3 + 1
2
B2 ∧ F3 , ∗F˜5 = F˜5 , (8.3)
where F3(= dA2) is the R-R three-form field strength, and φ is the axion/dilaton. The
G3·G¯3 term in (8.1) gives rise to a potential for φ and the complex structure moduli of the
Calabi-Yau threefold as we shall see below. The last term, which is the Chern-Simons
term, makes a contribution to the total D3 charge, but is irrelevant to the Einstein
equation because it does not contain the metric.
In the presence of nonzero G3, one can generate a superpotential W for the Calabi-
Yau moduli [27] as
W =
∫
M6
G3 ∧ Ω , (8.4)
whereM6 is the Calabi-Yau threefold and Ω is its holomorphic three-form. (8.4) shows
that W vanishes if G3 does not contain (0, 3) component. In particular, for (2, 1) type
G3, W satisfies (for instance see [28]),
W = ∂φW = ∂τiW = 0 , (8.5)
which corresponds to an unbroken supersymmetry and where τi are complex structure
moduli of M6. Aside from this, the G3 · G¯3 term in (8.1) can be written as [29]
IG =
∫
d4x
√−g4 LG (8.6)
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with
LG = 1
4κ210
∫
M6
G3 ∧ ∗6G¯3
Imφ
= Vscalar − i
4κ210Imφ
∫
M6
G3 ∧ G¯3 , (8.7)
where ∗6 is the dual in the transverse directions, and Vscalar is given by
Vscalar = 1
2κ210Imφ
∫
M6
GIASD3 ∧ ∗6G¯IASD3 . (8.8)
In (8.8) GIASD3 is the imaginary anti self-dual (IASD) part of G3, ∗6GIASD = −iGIASD,
and the second term of (8.7) is merely topological and does not involve any moduli.
Defining the Ka¨hler potential K as
K = − ln[−i(φ − φ¯)]− ln
[
− i
∫
M6
Ω ∧ Ω¯
]
, (8.9)
one can show [29] that Vscalar can be expressed in terms of W as
Vscalar = 1
2κ210
eK
[
Gij¯DiW DjW
]
, (8.10)
where DiW = ∂iW + (∂iK)W and Gij¯ = ∂i∂ j¯K, and i, j are summed over φ and the
complex structure moduli τi. (8.10), however, is not the most general expression for
the potential. To obtain a general expression for the potential we need to introduce
the Ka¨hler potential for the Ka¨hler moduli which generally runs over up to h1,1. In our
discussion we just assume that we have only one Ka¨hler modulus, say ρ. For such a
model the tree level Ka¨hler potential takes the form
K = −3 ln[−i(ρ − ρ¯)]− ln[−i(φ− φ¯)]− ln
[
− i
∫
M6
Ω ∧ Ω¯
]
, (8.11)
and similarly (8.10) is generalized to the form
Vscalar = 1
2κ210
eK
[
Gab¯DaW DbW − 3|W |2
]
, (8.12)
where a, b are now summed over ρ as well as φ and τi.
8.2 λ in flux compactifications
The effective bulk action (8.1) can be rewritten in the string frame as
IIIB =
1
2κ210
∫
d10x
√−G
[
e−2Φ
[
R10 + 4(∇Φ)2
]
− 1
2
F 21 −
1
2 · 3!G3 · G¯3 −
1
2 · 5! F˜
2
5
]
+
1
8iκ210
∫
eΦA4 ∧G3 ∧ G¯3 , (8.13)
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where the metric GMN and the Ricci scalar R10 are now those of the string frame.
(8.13) shows that in the presence of nonzero fluxes the six-dimensional bulk action will
generally take the form
Ibulk/[
∫
d4x
√−g4] = 1
2κ210g
2
s
∫
d6y
√
h6 e
Φˆ−2Bβ
+
1
2κ210g
2
s
∫
d6y
√
h6
[R6(hmn)− LF ]+ topological terms (8.14)
in the string frame, where β = [
∫
d4x
√−g4R4]/[
∫
d4x
√−g4] as before and
LF = K − V ,
(
K = hmnKmn
)
, (8.15)
with
Kmn =
∑
I,J
FIJ [φK ] ∂(mφI∂n)φJ , V = V [φI , h
mn] , (8.16)
where φI ’s are six-dimensional scalar fields including Φ, B, ξ etc. (8.14) is a generaliza-
tion of (4.10), and in (8.15) V is related to Vscalar by the equation
Vscalar = 1
2κ210g
2
s
∫
d6y
√
h6 V , (8.17)
and hence V is identified with −g2S
3!
GIASD3 · G¯IASD3 of the type IIB action (8.13). The
six-dimensional Einstein equation following from (8.14) is now
Rmn − 1
2
hmnR6 − 1
2
Tmn − β
2
eΦˆ−2Bhmn = 0 , (8.18)
where the energy momentum tensor Tmn is defined by
Tmn =
2√
h6
δ(
√
h6 LF )
δhmn
. (8.19)
The four-dimensional Einstein equation on the other hand can be obtained by rewrit-
ing (8.14) as
Ibulk =
1
2κ2
∫
d4x
√−g4R4(gµν) +
∫
d4x
√−g4 Iˆbulk + topological terms , (8.20)
where Iˆbulk is now
Iˆbulk =
1
2κ210g
2
s
∫
d6y
√
h6
[R6(hmn)− LF ] , (8.21)
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which is the generalization of (4.26). Adding Ibrane to (8.20) one finds that Itotal takes
the form
Itotal =
1
2κ2
∫
d4x
√−g4
[R4(gµν)− 2λ]+ topological terms , (8.22)
where λ is defined by
λ = −κ2[Iˆbulk + Iˆbrane] (8.23)
as before (see (4.25)), and the four-dimensional Einstein equation is still given by Rµν −
1
2
gµνR+ λgµν = 0.
Now substitute (8.19) (with LF given by (8.15)) into (8.18) and contract the indices
m and n. We obtain
R6 − LF + 1
2
(
V − ∂V
∂hmn
hmn
)
+
3
2
βeΦˆ−2B = 0 , (8.24)
which, upon integration, gives the generalization of (4.30),
Iˆbulk = − 3β
4κ2
− 1
4κ210g
2
s
∫
d6y
√
h6
[
V − ∂V
∂hmn
hmn
]
. (8.25)
Finally, substituting (8.25) into (8.23) (and using β = 4λ) gives
λ =
κ2
2
Iˆbrane − κ
2
8κ210g
2
s
∫
d6y
√
h6
[
V − ∂V
∂hmn
hmn
]
, (8.26)
which is just the generalization of (4.31).
(A) ISD solutions
In the usual type IIB flux compactifications there is a constraint imposed on the field
strength G3. The Bianchi identity for F˜5 combined with the noncompact components of
the Einstein equation requires [29] that G3 be imaginary self-dual (ISD) for a compact
M6.15 Such a G3 is characterized by the equations:
0 = DφW =
1
φ¯− φ
∫
M6
G¯3 ∧ Ω , 0 = DτiW =
∫
M6
G3 ∧ χi , (8.27)
where χi is the basis of (2, 1) forms on M6. Since the two equations in (8.27) kill
resp. the (3, 0) and (1, 2) components of G3, the primitive G3 satisfying (8.27) contains
only (2, 1) and (0, 3) components. Since this G3 is ISD it satisfies V = 0 (recall that
V ∝ GISAD3 · G¯IASD3 ), or equivalently Vscalar = 0.
15In addition to this the Bianchi identity for F˜5 also requires the tadpole cancelation. This requirement
can be met by introducing negative tension objects, which in our case will be either O3 planes of
the CY orientifolds, or D7-branes wrapped on a four-cycle in the type IIB version of the F-theory
compactifications.
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The compactifications using the above G3 contain both supersymmetric and non-
supersymmetric solutions. To extract the supersymmetric part we need to impose fur-
ther
W = DρW = 0 , (8.28)
which kills the (0, 3) component of G3 by (8.4), leaving only (2, 1) component. Thus the
supersymmetry requires that G3 be primitive (2, 1), and for this G3 the scalar potential
Vscalar becomes necessarily of the no-scale form. Indeed, in the absence of nonpertur-
bative corrections whole these solutions with no-scale structure are all ISD at the tree
level regardless of whether or not they are supersymmetric, and for these solutions (8.26)
reduces to
λ =
κ2
2
Iˆbrane . (8.29)
So, under (8.35), the cosmological constant problem for the ISD solutions is basically
identical with that of the conventional compactifications (see (4.31)).
(B) General case
We have just seen that λ is simply given by Iˆbrane for the ISD (no-scale type tree level)
solutions. But when the corrections enter, V does not vanish anymore and λ acquires
an additional term from (8.26). The non-ISD solutions can arise by both perturbative
and nonperturbative reasons. For instance one can stabilize all the moduli (including
Ka¨hler) supersymmetrically by including nonperturbative contributions to the scalar
potential (see [30]). In this case the potential of the flux vacuum would be required not
to be of no-scale type. Besides this, V and consequently Vscalar can fail to vanish even
for ISD solutions. Though a solution is ISD at the tree level, it receives both α′- and
gs-loop corrections perturbatively. Due to these corrections, G3 can acquires (1,2) and
(3,0) components and as a result the solution becomes non-ISD in these cases. That is,
V now includes nonzero IASD contributions coming from the corrections.
For all these non-ISD solutions λ is given by (8.26) and where the second term (the
terms in the integration) is now nonzero due to the corrections δV . (8.26) is simplified
if we use
∂V
∂hmn
hmn = nV , (8.30)
where n = 3 because GIASD3 is a three-form. Indeed the Ka¨hler potential and the
super potential receive the corrections of the form K = Ktree + Kp + Knp and W =
Wtree+Wnp, where we see that the perturbative corrections Kp contain both α′- and gs-
loop corrections, while the superpotential receives only the nonperturbative corrections.
But in any case Vscalar takes the same form as (8.12) even after these corrections,16 and
16See [31] for this matter. Also see [32] for the corrections due to D3/D3-brane.
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V basically satisfies (8.30) when Vscalar is of no-scale type17 and even when not.18 By
(8.17) and (8.30), (8.26) finally becomes
λ =
κ2
2
(
Iˆbrane + Vscalar
)
. (8.31)
Now λ consists of two parts, Iˆbrane and Vscalar, in contrast to (8.29).
8.3 Vanishing λ
In Sec. V we have seen that λ is forced to vanish by field equations in the conventional
compactifications. This is also the case even for the flux compactifications. By (8.30),
(8.24) can be rewritten as
LF = R6 − V + 3
2
βeΦˆ−2B . (8.32)
Substituting (8.32) into (8.19) then gives
Tmn = 2
(Rmn − 1
2
hmnR6
)
+
(
V hmn − 2 ∂V
∂hmn
)− 3
2
βeΦˆ−2Bhmn . (8.33)
Again, substituting (8.33) into (8.18) gives
(
V hmn − 2 ∂V
∂hmn
)− β
2
eΦˆ−2Bhmn = 0 . (8.34)
Finally, contracting m and n in (8.34) and using (8.30) gives β = 0, or equivalently
λ = 0 . (8.35)
Namely, λ must also vanish in the flux compactifications as well as in the conventional
compactifications.
8.4 Nonsupersymmetric solutions with λ = 0
As mentioned in Sec. 8.2 Vscalar can fail to vanish even for ISD solutions. At the tree
level, the DρW term in (8.12) precisely cancels the −3|W |2 term, and Vscalar reduces to
the no-scale form (8.10). The no-scale structure is preserved at the classical level (to
the leading order in α′) even for nonsupersymmetric solutions for which DρW ∝ W 6=
0. But at the quantum level there is no guarantee that it survives perturbative (and
17An interesting example of this type can be found, for instance, in [33], where the factor 1/(Imρ)3
is obtained from eK of the no-scale potential (8.10) even without introducing the D3-brane of KKLT.
18See [31] and in particular [34] where it was shown that Vscalar is proportional to |W0|2 at the
minimum even under nonperturbative corrections, whereW0 represents the flux-induced superpotential
(8.4).
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nonperturbative) corrections. For the supersymmetric solutions such corrections can act
as an F-term, and also we can have a D-term which has been ignored so far. All these
terms make nontrivial contributions to Vscalar, and as a result Vscalar takes generically
nonzero values at the quantum level. So if the contributions to λ were coming solely from
Vscalar, λ would necessarily fail to vanish due to these contributions, which is precisely
what happens in the ordinary flux compactifications.
In (8.31), however, λ contains an additional term, Iˆbrane, which is given (in the one-
loop order approximation) by (see (7.2))
Iˆ
(1)
brane = δ0
∫
r5drǫ5 ρ
(1)
T , (8.36)
where ρ
(1)
T is arbitrary because it contains six arbitrary gauge parameters f
(0)
m (see (6.34)).
Now we decompose ρ
(1)
T into ρ˜
(1)
T + δρ
(1)
T to get Iˆ
(1)
brane → ˜ˆI
(1)
brane + δIˆ
(1)
brane, where
˜ˆ
I
(1)
brane and
δIˆ
(1)
brane are given by
˜ˆ
I
(1)
brane = δ0
∫
r5drǫ5 ρ˜
(1)
T , δIˆ
(1)
brane = δ0
∫
r5drǫ5 δρ
(1)
T . (8.37)
Since δρ
(1)
T is arbitrary it can be adjusted so that δIˆ
(1)
brane cancels (the first order deviation
of) Vscalar. The cancelation between δIˆ(1)brane and Vscalar is automatic because λmust vanish
by (8.35), and consequently (8.31) reduces to
λ =
κ2
2
˜ˆ
Ibrane . (8.38)
(8.38) is the generalized version of (7.3) and where
˜ˆ
I
(1)
brane corresponds to Iˆ
(1)
brane of the
conventional compactifications. ρ˜
(1)
T in
˜ˆ
I
(1)
brane is basically arbitrary only except for the
requirement that it satisfy (7.4) to make
˜ˆ
I
(1)
brane vanish. It can be used to break the
supersymmetry at anytime we want.
Apart from this, one can also consider the case where the nonzero Vscalar is compen-
sated by the whole Iˆ
(1)
brane. Suppose that we have a nonsupersymmetric solution where
Vscalar is fine-tuned to take a nearly vanishing (or zero) value at the stable minimum.
But as mentioned above Vscalar does not generally survive the perturbative (both gs- and
α′-) corrections, and it necessarily acquires a nonzero value at the quantum level. In the
ordinary flux compactifications this immediately leads to a nonvanishing λ because in
that case λ is simply given by Vscalar. But in our case ρ(1)T can be so adjusted that the
nonzero Vscalar is exactly compensated by the whole Iˆ(1)brane. This adjustment is automatic
by (8.35) and the fact that Iˆ
(1)
brane possesses gauge arbitrariness. So in this way we can
obtain a nonsupersymmetric theory where λ always vanishes even at the quantum level.
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In this case we do not even need
˜ˆ
I
(1)
brane to break the supersymmetry. We can simply put
˜ˆ
I
(1)
brane = 0.
So far in this section we have considered the flux compactifications of the type IIB
theory to generalize the discussion on the cosmological constant problem of the conven-
tional compactifications with H3 = 0. After the generalization we find that λ appears
as a sum of two terms, Iˆbrane and Vscalar, in contrasts to the case of the ordinary type
IIB flux compactifications where λ is simply given by Vscalar. Vscalar usually receives
nontrivial contributions both from perturbative and nonperturbative effects. So, even
though λ is fine-tuned to zero at the tree level, it cannot be maintained when we go
up to quantum level because Vscalar deviates from zero due to these corrections. Such
a difficulty disappears now. In (8.31), any nonzero Vscalar is always canceled by δIˆbrane
(or by the whole Iˆbrane), and the cancelation is automatic. Vscalar is just gauged away by
(8.35).
IX. Summary and discussion
As an opening of the discussion on the cosmological constant problem, in the first part
of this paper we studied solitonic properties of the Calabi-Yau vacua of the string theory.
We first observed that the conifold singularities of the Calabi-Yau threefold can be
regarded as NS-NS solitons with their masses proportional to 1/g2s because each conifold
of the Calabi-Yau threefold consists of two intersecting KK-monopoles which themselves
are NS-NS solitons. We then observed that the generic compact Calabi-Yau threefolds
can be thought of as NS-NS objects because they usually contain certain numbers of
conifolds at the singularities in such a way that the entire topology is characterized by
h1,1 and some negative χ.
Such an observation coincides with the conjecture suggested in [5] and [6], and may
have an important consequence in addressing the cosmological constant problem in the
respect that the effect of the vacuum fluctuations exerting on the internal geometry is
highly suppressed by the factor g2s by the solitonic property of the internal dimensions.
The solitonic interpretation of the internal manifolds may be extended to the whole
background vacua of the various string theories. For instance in F-theory the geometry
of two-dimensional transverse space of D7-brane may also be taken as an NS-NS type
soliton in some sense because it does not contain the factor gs in the metric. This is
interesting because the extended source of this NS-NS type soliton is D7-brane instead
of (exotic) NS7-brane [35]. This suggests that the D7-branes of F-theory are as rigid as
the NS-NS type branes.
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In the second part, we considered a configuration of a BPS D3-brane located at the
conifold singularity of the Calabi-Yau threefolds to propose a new type of mechanism
to address the cosmological constant problem. In Sec. IV-VII, we first considered the
conventional compactifications where the n-form fluxes including H3 are all turned off.
In this case the four-dimensional cosmological constant λ appears as a brane action
density Iˆbrane which is basically given by a sum of two types, NS-NS type and R-R type,
of vacuum energies of the brane region, and these two types of vacuum energies are
forced to cancel by field equations so that λ vanishes as a result. For the BPS state
the cancelation is automatic by the supersymmetry and by field equations. But in more
general cases there is an additional term in Iˆbrane, which does not cancel by the field
equations. This term, which is denoted by ρ
(1)
T , also appears in the equation of motion
for Φˆ and acts as a supersymmetry breaking term of the d = 4 reduced theory.
Since the supersymmetry breaking term makes an extra contribution to λ, it (upon
integration) must vanish anyhow to maintain λ = 0. The field equation representing
supersymmetry breaking appears in the form of the Poisson’s equation for Φˆ. In the
analogy with the ordinary electrostatics the supersymmetry breaking term ρ
(1)
T plays
the role of the charge density while Φˆ plays the role of the electrostatic potential of the
system. Aside from this it turns out that λ is proportional to the total charge QTtotal,
which is confined to the brane region and hence defined by the volume integral of ρ
(1)
T
over the brane region. So the condition λ = 0 becomes equivalent to the condition
QTtotal = 0, which then implies that the d = 4 supersymmetry remains unbroken in the
bulk region (i.e., outside the brane region) because Φˆ becomes a constant (zero) there
by the Gauss’s law of the electrostatics.
There may be many ways to satisfy QTtotal = 0. In Sec. 7.1 we have considered
two different cases in which QTtotal = 0 is achieved in a natural way. In both cases the
condition QTtotal = 0 can be satisfied most natually by writing Φˆ in terms of a Fourier
series. In the case I Φˆ is assumed to be a function of r alone. This case includes
an interesting solution where the d = 4 supersymmetry is broken to an infinitely large
extent at r = 0. In the case II Φˆ is assumed to be a function of the isometry coordinates.
In our discussion we had allowed for nonzero thickness rB to the D3-brane. But in the
case II we can take the limit rB → 0 whenever we want to see the thin brane features,
which suggests that the whole discussion of this paper need not be restricted only to the
case of the brane with nonzero thickness.
The substance of the supersymmetry breaking term is a vacuum energy density
arising from the quantum excitations with components along the transverse directions.
The quantum excitations induces a gauge symmetry breaking of the R-R four-form and
the supersymmetry breaking occurs as a result of this gauge symmetry breaking. Since it
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occurs in the brane region, the brane region is locally anomalous. But the total anomaly
of the brane region vanishes by the condition λ = 0. The reason is because the anomaly
locally occurs in the region where ρ
(1)
T takes nonzero values. So the magnitude of the
anomaly at some point of the brane region is proportional to the value of ρ
(1)
T of that
point. But λ = 0 requires that QTtotal, the volume integral of ρ
(1)
T over the whole brane
region, must vanish. Thus the anomalies at each point (area) of the brane region add
up to zero upon integration and the theory becomes anomaly free.
The bulk region does not suffer from this kind of anomaly because the gauge sym-
metry breaking of A4 does not occur in the bulk region. In general the ten-dimensional
superstring theory is known to be anomaly free. For instance in the type IIB theory
the gravitational anomaly for the five-form (IA) is canceled by the anomalies for the
two left-handed Majorana-Weyl gravitinos (2I3/2) and two right-handed Majorana-Weyl
dilatinos (−2I1/2): IA + 2I3/2 − 2I1/2 = 0 [22]. The anomaly of the brane region is not
the usual gravitational anomaly for the five-form. Rather, it may have to be understood
as a composition of the various anomalies for the string fields on the D3-brane which
couple to A4.
The ten-dimensional metric for the D3-brane with unbroken supersymmetry is typi-
cally given by
ds210 = e
−Bds26 + e
Bgµνdx
µdxν , (9.1)
where ds26 represents the six-dimensional internal geometry. In Sec. 7.1 it was suggested
that the nonsupersymmetric theory with vanishing λ can be easily obtained from (9.1)
by replacing ds26 by e
Φˆds26 where Φˆ is a solution to the poisson’s equation (6.33). In the
bulk region the supersymmetry is preserved (Φˆ = 0) so the metric ds210 is still given by
(9.1). But in the brane region the supersymmetry is broken (Φˆ ≃ gsU(1)) and therefore
ds210 will take the form
ds210
∼= e−B(1 + gsU(1))ds26 + eBgµνdxµdxν . (9.2)
The additional term gsU(1) in (9.2) is of course due to the supersymmetry breaking.
Still in the conventional compactifications the supersymmetry breaking gives a mass
to the dilaton because the supersymmetry breaking term generates a potential for the
dilaton. From (4.1) and (6.8) one finds the action for the dilaton (in the brane region)
is given by
I(Φ) =
1
2κ210g
2
s
∫
d4x
√−g4
∫
d6y
√
h6
[
4 eΦˆ−2B(∂Φ)2x + V (Φ) + · · ·
]
, (9.3)
where (∂Φ)2x ≡ gµν∂µΦ∂νΦ, and (from the leading term of δµmT (Φ) in (6.29)) the potential
V (Φ) takes the form
V (Φ) = 2κ210 δ0 ρ
(1)
T e
Φ + · · · . (9.4)
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From ∂2V (Φ)/∂Φ2 the characteristic scale of the dilaton mass is estimated to be m2Φ ≈
c0ρ
(1)
T , where c0(≡ 2κ210gsδ0) becomes c0 ≃ (2π)7gsl8s/r6B upon setting 2κ210 = (2π)7l8s
where ls is the fundamental scale of the string theory, ls = 1/ms =
√
α′. Also the
thickness (the characteristic size) of the brane should be of order ls: rB ∼ ls, so we have
c0 ∼ (2π)7gsl2s and therefore
m2Φ ≃ (2π)7gs
ρ
(1)
T
m2s
. (9.5)
In (9.5) the magnitude of ρ
(1)
T is given by ρ
(1)
T ∼ νm1 , and where it is natural to
assume that νm1 is of the same order as µ1, which is the first order correction to µ0 in
the gs expansion. Since µ0 ∼ m4s (more precisely, it is µ0 ∼ m4s/(2π)3) we also expect
µ1 ∼ νm1 ∼ m4s and consequently ρ(1)T ∼ m4s. Putting all these together (and omitting
the factor (2π)7) we obtain m2Φ ∼ gsm2s from (9.5). The dilaton mass mΦ gives a typical
mass scale for the supersymmetry breaking and it may be roughly identified with the
mass scale of the Standard Model superpartners, msp [21]. We finally have
m2sp ∼ gsm2s . (9.6)
(9.6) suggests that the magnitude of msp could be much larger than the conventional
LHC scale of order ∼ TeV .
As a final discussion on the cosmological constant problem of the conventional com-
pactifications it was argued that the configuration with an unbroken supersymmetry is
as equally possible as the configuration with broken supersymmetry but the latter is
more favored by the action principle than the former. This argument, however, is valid
only in the realistic models in which the field equations are sufficiently relaxed, and in
addition to this there is some subtlety in writing down the classical action for the the-
ory containing self-dual five-form as a field content. For this matter of supersymmetry
breaking there is a different viewpoint that f
(0)
m must be taken as a nonzero function
from the beginning. In this viewpoint f
(0)
m is not just an arbitrary gauge parameter.
Rather, it is a distribution function describing charge (vacuum energy) configurations
inside the brane region. So ρ
(1)
T does not vanish because ν
m
1 are nonzero constants, and
therefore the d = 4 supersymmetry is always broken and the solutions with an unbroken
supersymmetry do not exist from the beginning.
These are the whole story of the cosmological constant problem of the conventional
compactifications. In Sec. VIII, which is the last section of the second part, the above
discussions have been generalized to the case of the flux compactifications of type IIB
theory where the n-form fluxes are all turned on to stabilize the moduli. In this gener-
alized theory we found that λ appears as a sum of two terms, Iˆbrane and Vscalar, which
contrasts with the ordinary type IIB flux compactifications where λ is simply given by
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Vscalar. In the ordinary flux compactifications Vscalar can be fine-tuned to zero at the
classical level to obtain a theory with vanishing λ. But Vscalar necessarily deviates from
zero because it receives non-trivial contributions coming from loops of bulk fields or from
any other kind of perturbative or nonperturbative effect that one would need to include
in order to stabilize the moduli of the Calabi-Yau threefold. As a result, λ = 0 cannot
be maintained at the quantum level in the ordinary flux compactifications.
Indeed, the vanishing λ for the nonsupersymmetric vacua usually depends on the
tree level structure of the Ka¨hler potential for the Ka¨hler moduli. But since this Ka¨hler
potential is unstable against both perturbative and nonperturbative corrections, so is
the tree level potential Vscalar. Thus even though we fine-tune Vscalar so that it vanishes at
the stable minimum, it cannot be maintained once the corrections enter because Vscalar
necessarily acquires nonzero values at the stable minimum due to corrections. So in the
ordinary flux compactifications λ = 0 cannot be maintained because λ is simply given
by Vscalar there.
Such a thing can be avoided in our case. First, in our case λ appears as a sum
of two terms, Iˆbrane and Vscalar, not just Vscalar alone. Further, Iˆbrane possesses gauge
arbitrariness as mentioned in Sec. 8.4. Finally λ is forced by (8.35) to vanish. So
we can always maintain λ = 0 regardless of whether Vscalar acquires nonzero values
at the stable minimum or not because any nonzero values of Vscalar is automatically
gauged away (namely cancel with Iˆbrane) by (8.35). So one of the simple way to obtain
a nonsupersymmetric theory with λ = 0 is just to find a tree level solution where
DρW ∝ W 6= 0 and Vscalar is fine-tuned to take a nearly vanishing value at the stable
minimum. Then the nonzero values of Vscalar arising from the higher order (both of α′-
and gs-) corrections (and the small corrections coming from nonperturbative effects) are
all gauged away and we readily obtain a theory with broken supersymmetry where λ
always vanishes even at the quantum level.
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